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Preparation and Characterization of Collagen-Hydroxyapatite-Based Composites for
Biomedical Applications
Le Yu, PhD
University of Connecticut, 2019
Collagen, the most abundant protein, and hydroxyapatite, the main component in natural bone, are usually
used as a biomimetic composite in many biomedical applications due to their excellent biocompatibility,
great biodegradability, and flexible structural and compositional alterability. In this dissertation, a
systematic study was conducted to design, develop and characterize collagen-hydroxyapatite-based (ColHA-based) composite materials and explore their wide biomedical applications.
First, the biomeralization mechanism of collagen was investigated. The degree of intrafibrillar
mineralization of Col-HA fibrils was enhanced by the employment of carboxyl-rich brushlike polymers,
which is believed to be capable of replicating the sequestration functions of non-collagenous proteins
(NCPs) that regulate collagen mineralization. This will substantially broaden the application of Col-HA
composites by providing a great flexibility to adjust the mineral content. The composites can be as rigid as
bone, as compliant as tendon, or demonstrate a gradient from rigid to compliant like cartilage.
Second, collagen-based nanoworms (NWs) with different sizes were self-assembled from collagen
triple helices by precisely controlling the polymerization process of collagen molecules to be used as long
circulation drug delivery vehicles for tumor treatment applications. Intrafibrillar mineralized Col-HA
nanoworms were developed with tailored stiffness and surface properties. As a result, the mineralized ColHA nanoworms with appropriate stiffness and size demonstrated significantly prolonged blood circulation
time (> 5 days) that is one of the key factors influencing the therapeutic payload delivery efficacy to the
tumor site. More importantly, such developed NWs are pH-sensitive material. It was found that over 80%
loaded drugs (doxorubicin) were released within 24 h at the tumor environment (pH 5). In comparison, only
~35% of loaded drugs were released within the same period at the biological pH (7.4). Moreover, magnetic
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nanoparticles (NPs)were grafted onto the NWs to grant the materials with magnetic targeting administration
ability in the presence of external magnetic forces.
Third, novel intrafibrillar mineralized Col-HA-based scaffolds, constructed in either cellular or
lamellar microstructures, were established through a biomimetic method to enhance the new bone
regenerating capability of tissue engineering scaffolds. Moreover, two essential elements, Fe and Mn, were
substituted into intrafibrillar mineralized Col-HA lamellar scaffolds to improve the osteogenic ability of
the material. Enhanced MC3T3 cell adhesion and proliferation were observed with the incorporation of
ions. It was revealed that the incorporation of the Fe/Mn ions significantly promoted the osteogenic
differentiation of mouse bone marrow mesenchymal stem cells (BMSCs) through fluorescence-activated
cell sorting (FACS), fluorescent microscopy and RT-PCR analysis. The in vivo new bone formation
potential of these materials was also compared using a mouse calvarial defect model. The results
demonstrated that these scaffolds are in favor of new bone formation and the groups with ion incorporation
exhibited better new bone forming ability. This provides a simple but meaningful strategy to create smart
Col-HA-based scaffolds for bone tissue regeneration.
Last, a Col-HA composite coating was deposited onto Ti-6Al-4V, the most widely used metal
implant material, using a novel one-step biomimetic process to grant the inert substrate with excellent
bioactivity. The cross-sectional characteristics of the coating were thoroughly investigated and
reconstructed in 3D using focused ion beam (FIB) and Avizo. By further analyzing the porosity distribution
along the coating depth through RStudio, it was revealed that the adhesive strength is more associated with
the average pore volume, rather than the total pore volume, at the coating interfaces. Moreover, by
observing the cross-sectional characteristics of the cell-coating-substrate, it was found that large number of
relatively big pores at the coating surfaces favored osteoblast adhesion and proliferation. The addition of
collagen molecule further promoted the biocompatibility of hydroxyapatite coating but with slight sacrifice
of mechanical properties.
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In summary, the Col-HA-based composite materials have been successfully developed as either
NWs for targeted drug delivery and tumor therapy, or micro fibrils and scaffolds for tissue engineering
(bone, cartilage, tendon), or biomimetic coating for hard tissue replacement.
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1. Introduction
1.1 Collagen
Collagen (Col) is the most abundant structure protein existing in all animals. Structurally, it comprises a
right-handed bundle of three parallel, left-handed polyproline II-type helices, as shown in Figure 1.1 [1].
The main three residues in collagen include glycine, proline, and hydroxyproline. Depending upon the
degree of mineralization, collagen tissues can be as rigid as a bone, as compliant as a tendon, or vary from
rigid to compliant as a cartilage. Owing to their excellent biocompatibility, biodegradability and structural
and compositional alterability, collagen-based materials has been widely used in different biomedical fields.

Figure 1.1. Overview of the collagen triple helix structure: (a) High-resolution crystal structure of a
collagen triple helix, formed by (ProHypGly)4–(ProHypAla)–(ProHypGly)5. (b) View down the axis of a
(ProProGly)10 triple helix with the three strands depicted in space-filling, ball-and-stick, and ribbon
representation. (c) Ball-and-stick image of a segment of collagen triple helix, highlighting the ladder of
interstrand hydrogen bonds. (d) Stagger of the three strands in the segment in panel c [1].
In the meantime, the multi hierarchical structure of collagen play an important role in determining
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the structural integrity of the extracellular matrix (ECM) and providing adhesion sites for other proteins. It
is important to understand the hierarchical combination of collagen. As reported, the self-assembly of type
I collagen begins with 1000 amino acid peptides that form a well-known collagen triple helix. These triple
helices are pack against one another forming collagen fibrils. Collagen fibrils continue to self-assemble
both linearly and laterally yielding collagen fibers and then a hydrogel network (Figure 1.2) [2]. Depending
upon the degree of polymerization, collagen molecules can be self-assembled into small single fibrils,
packed as large fibers, or crosslinked as hydrogels, which can be further freeze-dried into tissue engineering
scaffolds. Therefore, it is theoretically feasible to control the size of collagen-based materials for different
purposes by monitoring the polymerization and hierarchical combination of collagen molecules.

Figure 1.2. Self-assembly of type I collagen fibrils [2].

1.2 Collagen hydroxyapatite composites
As depicted in Figure 1.3, natural bone is a composite of poorly crystalline nano-hydroxyapatite (HA,
Ca5(PO4)3(OH)) and collagen fibrils, and its basic building blocks are mineralized collagen fibers [3]. It is
structurally described from nanometer to millimeter scales as a seven-hierarchical-level organization with
mineralized collagen fibrils as its second level of hierarchy [4, 5]. Biomimetic mineralization of collagen
fibril is a critical process in preparing bone grafting materials, as it directly contributes to the superior
mechanical and excellent biological properties of the material [6-8]. Moreover, it is reported that the
mineralized collagen scaffolds possess better osteoconductive properties and exhibit higher levels of
osteogenic gene expression than collagen alone scaffolds [9]. Mineralized collagen fibers are more effective
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as sustained delivery vehicles of drugs or growth factors like Chlorhexidine and BMP-2 [10, 11]. Thus, it
is imperative to mineralize the collagen matrix with rigid minerals to obtain Col-HA-based materials with
better biomedical capabilities.

Figure 1.3. Hierarchical structures of natural bone [3].

1.3 Biomeralization of collagen
In the biomineralization process, HA crystals first deposit within the gap zone between abutting collagen
molecules, leading to arrays of HA nanocrystals embedded within and oriented along the fibrils with a 67
nm periodic pattern, known as intrafibrillar mineralization [4, 12-14]. Subsequently, HA crystals grow and
attach onto the surface of collagen fibrils, resulting in extrafibrillar mineralization [13]. It is widely accepted
that the biomineralization of collagen is well regulated by a series of non-collagenous proteins (NCPs).
However, NCPs only compose about 3 wt% of the organic components in bone [14-16]. It is hard to take
advantage of natural NCPs to reproduce the elegant hierarchy in bone due to their limited availability and
high cost [14, 17]. Recently, researchers have discovered that regulation of calcium phosphate
microstructure during biomineralization is controlled by two major factors: (1) sequestration of the calcium
and phosphate ions into amorphous calcium phosphate (ACP) nanoprecursors, and (2) templating of HA
nucleation, growth and guided orientation [18-20]. An alternative strategy has therefore been developed in
order to explore synthetic analogs to replicate the sequestrating and templating functions of NCPs in the
biomineralization process. Polyanionic polymers, such as polyaspartic acid (PASP) and polyacrylic acid
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(PAA), are employed as the sequestration analogs of NCPs to suppress broad crystallization and to stabilize
the amorphous phase of calcium phosphate and therefore attain intrafibrillar mineralization [13, 21].
Previous studies have shown that the carboxyl groups of the sequestration analogs play an essential role in
stabilizing ACP by readily attracting calcium ions [22, 23]. These sequestration analogs are usually used in
conjunction with phosphate-based templating analogs, such as sodium tripolyphosphate (TPP), which
possesses high affinity for divalent ions, to obtain highly ordered intrafibrillar mineralization [24, 25]. In
the application of biomaterials, both intra- and extra-mineralized collagen fibers play important roles. It is
worthy further exploring and developing biomineralization process of collagen for targeted biomedical
applications.

1.4 Drug delivery and tumor therapy

Figure 1.4. Schematic illustration of EPR effect [26].
Tumor is one of the most severe diseases nowadays causing death. Increasing research has therefore been
focused on the development of smart materials that are capable of delivering anticancer drugs specifically
into tumor sites to obtain efficient cancer therapy. It is well known that micrometer-sized rigid spheroids
are cleared immediately in the first pass through the microvasculature by macrophages [27]. In regard to
this, nanoparticles (NPs) have been widely used due to the enhanced permeability and retention (EPR)
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effect (Figure 1.4), by which NPs of certain sizes tend to accumulate in tumor tissue much more than they
do in normal tissues [26]. In addition, it is accepted that the physiochemical properties of NPs, including
size, shape, stiffness and surface functionalization, so-called ‘4S’ parameters [28, 29], play important roles
in their treating efficiency, such as circulation time, biodistribution, drug loading efficiency, drug release
profile of NPs. As mentioned above, with alterable structure and composition, Col-HA-based materials
provide good possibility to be used as a drug delivery vehicle for tumor therapy.

1.5 Tissue engineering scaffolds

Figure 1.5. Schematic illustration of bone tissue engineering scaffolds and its role in bone regeneration
[30].
Tissue engineering technology has been widely used to guide tissue recovery and regeneration in damaged
organs or tissues. As one of the major challenges in the field of tissue engineering, large skeletal defects
have become a main focus of biomaterial researchers. Figure 1.5 shows an illustration demonstrating how
bone tissue engineering scaffolds work. Briefly, scaffolds loaded with NPs or growth factors are able to
induce stem cells that obtained from patient differentiated into osteoblasts. Then the cell loaded scaffolds
can be implanted into the fractured bone to accelerate the new bone formation and therefore heal the defect.
In the meantime, scaffolds that structurally and compositionally resemble the natural bone, which is
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described as a seven-hierarchical-level structure with mineralized collagen fibrils as its second level of
hierarchy [4, 5], would be an ideal candidate for bone regeneration [16, 18]. As a result, Col-HA-based
scaffolds are emerging as a staple in both basic research and clinical applications for bone tissue engineering
[31]. On this regard, extensive research has been conducted on the fabrication of both intrafibrillar and
extrafibrillar mineralized collagen scaffolds at both nano- and macro- scales to promote bone repair.
Specifically, intrafibrillar mineralized collagen fibrils demonstrate solid advantages such as excellent
mechanical properties and enhanced biocompatibility compared to pure collagen and extrafibrillar
mineralized collagen [13, 32-34]. Therefore, intrafibrillar mineralized Col-HA-based composites with great
biological potentials are used as bone tissue engineering scaffolds.

1.6 Bioactive coatings
Titanium (Ti) and its alloys have become the top choice for replacement of artificial bones, joints, and
dental implants due to their excellent mechanical properties, such as low specific gravity and high strength
[35]. However, most titanium implants cannot achieve sufficient osseointegration themselves because of
their suboptimal osteoconductivity and osteoinductivity [36]. It is reported that the therapeutic efficacy of
Ti-based implants mainly depends on their surface characteristics, such as surface topography,
microstructure, and composition [37]. At the cellular level, Ti surfaces with nano- and micrometer
topographical features exhibit positive effect to enhance stem cell proliferation and osteogenic
differentiation [38-40]. Therefore, it has been a common strategy to perform surface modification using
physical or chemical techniques on Ti implants, for example, coating the Ti substrate with porous bioactive
coatings, such as HA, to impart good bioactivity and osteoconductivity, and thereby promote
osseointegration of Ti and its alloys [41, 42]. Moreover, it was recently advised to have collagen, which is
aforementioned the most abundant structure protein in bone, incorporated into the HA coating system to
achieve a biomimetic Col-HA composite coating for improved bone-implant integration [43, 44]. As such,
Col-HA-based composites have been regarded as a promising bioactive coating candidate for hard tissue
replacement.
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1.7 Objectives
The main purpose of this research is to develop Col-HA-based composites that are suitable for various
biomedical applications due to their excellent biocompatibility, biodegradability and structural and
compositional alterability. The research will focus on the design and fabrication of collagenhydroxyapatite-based composite materials, the characterization of their physicochemical properties, and
especially the in vitro and in vivo evaluations of their performances. As such, the scope of this research can
be divided into four aims:
Aim I: Investigation of collagen biomeralization mechanism and enhanced intrafibrillar
mineralization of Col-HA fibrils using brushlike polymers;
Aim II: Development of Col-HA-based nanoworms as drug delivery carriers for more efficient
tumor treatment applications;
Aim III: Intrafibrillar mineralization of Fe/Mn-containing Col-HA-based scaffolds for bone tissue
engineering;
Aim IV: Preparation and 3D characterization of Col-HA-based biomimetic coating for orthopedic
implants.
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2. Enhanced intrafibrillar mineralization of collagen fibrils using brushlike polymers
2.1 Introduction
To utilize Col-HA-based composites for biomedical applications, it is important to first understand the
underlying biomineralization mechanism of collagen. As mentioned in section 1.3, synthetic analogs have
been widely used to replicate the sequestration and templating functions of NCPs in the intrafibrillar
mineralization process of collagen fibrils. However, these analogs are not all available for clinical
applications at the present and the mineralization degree of collagen using PASP and PAA as analogs is
diminished due to their linear structure and limited availability of carboxyl groups [45]. It is desired to
develop new synthetic biomaterials that can induce biomimetic mineralization of collagen fibrils and are
capable of adjusting mineral content to serve different purposes.
Brush polymers are composed of side-chain polymers that are densely grafted onto a polymer
backbone and they have garnered much attention due to their outstanding control over chemical
functionality, architecture, and size [46]. Brush polymers have a variety of applications in organic electronic
devices [47], biosensors [48], and low friction surfaces [49]. Additionally, bottle-brushlike systems have
been utilized as effective boundary lubricants to reduce the frictional force between the sliding surfaces of
mammalian synovial joints [50]. The architecture of brush polymers varies with grafting density, side chain
and backbone flexibility, and monomer repulsion within a copolymer. The steric repulsion between the
grafted side chains increases backbone rigidity and lowers entanglements between polymer chains. Brush
polymers are synthesized by a “graft-to” [51], “graft-from” [52], or “graft-through” [53] approach. The
“graft-to” method entails attaching polymer chains to a substrate; however, steric hindrance provided by
attachment of initial polymer chains results in overall low grafting density. “Graft-from” consists of an
initiator-functionalized surface where highly grafted polymer chains are grown, but results in a higher
dispersity of chain lengths due to a monomer concentration gradient that occurs as the polymerization
proceeds [54, 55]. The “graft-through” method solves these issues by end-capping a macromonomer (MM)
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with a polymerizable unit capable of highly efficient polymerization. This enables complete grafting of
sidechains to every backbone monomer unit while maintaining a low dispersity of chain lengths.
Brushlike copolymers (BLCPs) prepared by the “graft-through” technique exhibit greater
flexibility than brush polymers due to their lower grafting density [56]. “Graft-through” by ring-opening
metathesis polymerization (ROMP) using norbornene-derived (NB) MMs for BLCP preparation allows for
the unique tailoring of each MM by size and functionality prior to polymerization [57, 58]. Preparing NB
MMs by controlled-radical polymerization techniques such as reversible addition-fragmentation chain
transfer (RAFT) permit fine tuning of side chain lengths with diverse chemical compositions [48, 59, 60].
This allows for precise control over polymer architecture and chemical composition by independently
varying the backbone and side chain length. Additional post-polymerization modifications of BLCPs allow
for greater diversity of chemical composition and polymer properties.
Poly(amidoamine) (PAMAM) dendrimers are also extensively studied and commercially used in
the biomineralization field due to its potential in mimicking natural NCPs [5, 61, 62]. Although there has
been a wealth of studies of PAMAM dendrimers in comparison to novel brushlike systems, the synthetic
modularity of the brushlike polymers allows for greater control over architecture and degree of functionality.
The synthesis and purification of higher generation dendrimers are challenging to prepare due to increased
steric hindrance at the periphery. Conversely, as mentioned above, brushlike polymers may exhibit much
greater variation in their side-chain length and/or backbone length, depending on the specific application
and do not require extensive purification [63]. The advantages of brushlike systems over linear PAA are
most likely due to an increased backbone rigidity caused by steric hindrance of the grafted sidechains. This
results in lower chain entanglements, which in turn provides an opportunity for an increase in mineral
content of the mineralized collagen fibrils.
Taking great advantages of brushlike polymers over commercially available products like PAA and
PAMAM, a principal goal of the current study is to synthesize and further modify two different brushlike
polymers, a carboxylated polyethylene glycol terpolymer P(NBMPEG-r-NBPEG-r-NBPEG-COOH) (TP9

1; PEG-COOH) and polyethylene glycol/ polyacrylic acid copolymer P(NBMPEG-r-NBPAA) (CP-1; PEGPAA), to induce intrafibrillar mineralization of type I collagen fibrils by mimicking the role of sequestration
functions of NCPs. The mineralization performances induced by these brushlike polymers were compared
to those of linear PAA, which is currently one of the most popular synthetic sequestration analogs. The
results shed a new light on enhancing the mineral content as well as explaining the intrafibrillar
mineralization mechanism of collagen fibrils.

2.2 Materials and experiments
2.2.1 Materials for mineralization
Type I collagen was extracted from rat-tails, purified based on the protocol reported by Rajan et al. and
further modified by our group [64-66]. Sodium chloride (NaCl; > 99%), potassium phosphate dibasic
trihydrate (K2HPO4·3H2O; > 99%), and sodium tripolyphosphate (TPP, 85%) were purchased from Acros
Organics. Sodium bicarbonate (NaHCO3; > 99%) and polyacrylic acid (PAA, Mw = 2,000 Da) were
purchased from Sigma-Aldrich. Calcium chloride anhydrous (CaCl2; > 99%), magnesium chloride
hexahydrate (MgCl2·6H2O; > 99%), sodium hydroxide (NaOH; 1N) and 4-(2-hydroxyethyl)-1piperazinneethanesulfonic acid (HEPES; > 99%) were purchased from Fisher Scientific.
2.2.2 Synthesis of monomers, copolymer, and terpolymer
The synthetic routes to afford TP-1 and CP-1 can be found in Schemes 2.1 and 2.2, respectively. Monomers
norbornene-poly(ethylene glycol) (NBPEG) [46], norbornene-poly(ethylene glycol) methyl ether
(NBMPEG) [46], norbornene-poly(tert-butyl acrylate) (NB-p(t-BA)), and macroRAFT agent norbornene
trithiocarbonate (NB-TTC) [47] were synthesized from modified procedures.
Ring-opening metathesis polymerization (ROMP) of NBPEG and NBMPEG was performed to
synthesize P-1, the precursor polymer of TP-1. ROMP of NBMPEG and NB-p(t-BA) was also used to
synthesize P-2, the precursor polymer of CP-1. The corresponding chemical structures of TP-1 and CP-1
are listed in Table 2.1. Both polymerizations used a modified second-generation Grubbs catalyst in CH2Cl2.
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Post-polymerization modifications of P-1 and P-2 were carried out by a maleic anhydride ring opening
reaction and hydrolysis of tert-butyl groups to afford TP-1 and CP-1, respectively.

Scheme 2.1. Synthesis of random brush-like polynorbornene PEG-COOH terpolymer, TP-1.

Scheme 2.2. Synthesis of random brush-like polynorbornene PEG-PAA copolymer, CP-3.
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Table 2.1. Brush-like random copolymers P(NBMPEG-r-NBPEG-r-NBPEG-COOH) (TP-1) and
P(NBMPEG-r-NBPAA) (CP-1) with their corresponding chemical structures.
Polymer

TP-1

P(NBMPEG-r-NBPEG-r-NBPEG-COOH)

Chemical structure
x

Entry

O
O

O

O
21

OH
O

m

O

O

O

n

O

O

O

OH
21

O
O

O

O

O
17

ph

CP-1

P(NBMPEG-r-NBPAA)

2.2.3 Self-assembly of intrafibrillar mineralized collagen fibrils
Based on our previously established protocol, intrafibrillar and extrafibrillar mineralized collagen fibrils
were fabricated in the presence of different analogs [17, 33]. Briefly, different sequestration analogs (PAA
or brush polymers) were added to a modified simulated body fluid (m-SBF) to form stabilized amorphous
calcium phosphate (ACP) nanoprecursors. The m-SBF was prepared as reported previously. Briefly, NaCl,
K2HPO4·3H2O, MgCl2·6H2O, and CaCl2 were added in chilled sterile deionized water (DIW) in the order
as they are listed, and the ion concentrations were adjusted according to Table 2.2 [43, 67]. Concentrations
of PAA and/or brush polymers in each m-SBF were adjusted according to Table 2.3. To investigate the
capability and efficacy of intrafibrillar mineralization induced by brushlike polymers with a lower
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concentration, PAA/PEG-COOH and PAA/PEG-PAA groups were designed. To maintain comparable
weight percent and ionic strength, half PAA was also added in the other two groups. Type I collagen stock
solution (4 mg/mL) was diluted to 0.2 mg/mL using PAA- and/or brush polymer-containing m-SBF. TPP
(1.2 wt%), the templating analog, was simultaneously added to the mixture to template the hierarchical
arrangement of mineral within collagen fibrils. Then the pH of each solution was titrated to 7.2 by addition
of HEPES (4-(2-hydroxyapatiteethyl)-1-piperazineethanesulfonic acid), NaHCO3 and NaOH. The
preparation of mixtures was conducted on ice, where the resulting solutions experienced a two-temperature
process by leaving them at 25 °C for 1 h, and then transferring them to a water bath at 37 °C for another 23
h. Such prepared fibrils were spun down using a centrifuger (Legend XTR, Thermal Scientific, USA) at
5000 rpm for 10 min, and the resulting precipitates were further freeze-dried for 7 days in a lyophilizer
(Free Zone, Labconco, USA) to remove the residual moisture within the fibrils.
Table 2.2. Ion concentration (mM) of human blood plasma and m-SBF.
Ion

Human blood plasma (mM)

m-SBF (mM)

Na+

142.0

109.9

K+

5.0

6.2

Mg2+

1.5

1.5

Ca2+

2.5

7.9

Cl-

103.0

111.2

HCO3-

27.0

17.5

HPO42-

1.0

3.1

SO42-

0.5

0
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Table 2.3. Sample labels and corresponding concentrations of different sequestration analogs.
Sample name

PAA
(mg/mL)

P(NBMPEG-r-NBPEG-rNBPEG-COOH) (mg/mL)

P(NBMPEG-r-NBPAA)
(mg/mL)

PAA

0.8

----

----

PAA/PEG-COOH

0.4

0.4

----

PEG-COOH

----

0.8

----

PAA/PEG-PAA

0.4

----

0.4

PEG-PAA

----

----

0.8

2.2.4 Materials characterization
2.2.4.1 Fibril characterization
The morphologies and intrafibrillar mineralization formations of all five groups of fibrils that listed in Table
2.3 were observed using transmission electron microscopy (TEM, JEOL JEM-2010, Japan) at an
accelerating voltage of 80 kV. For TEM sample preparation, 100 μL fibril-containing solution (experienced
two-temperature process) was dropped onto a Formvar carbon coated copper grid, rinsed with DIW, and
dried at ambient temperature without staining. To check the potential of the brushlike polymers to be
employed in preparation of tissue engineering scaffolds, the collagen fibrils that mineralized in the presence
of PAA or brushlike polymers were centrifuged and then subjected to a freeze-drying process. The
morphologies of these fibrils were then examined using TEM (Thermo Fisher Scientific Talos F200X
S/TEM, USA) at an accelerating voltage of 200 kV in the UConn/Thermo Fisher Scientific Center for
Advanced Microscopy and Materials Analysis (CAMMA). After freeze-drying, the fibrils were resuspended into DIW, and 100 μL solution was dropped onto a TEM grid until dried in air without staining.
To investigate the intrafibrillar mineralization mechanism in the presence of brushlike polymers, ACP
nanoprecursors formed in the presence of PEG-COOH or PEG-PAA were observed using TEM and
HRTEM via Thermo Fisher Scientific Talos F200X S/TEM in the CAMMA. Briefly, after pH titration
(before experiencing the two-temperature process), 100 μL mixture was dropped onto a TEM grid, rinsed
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with DIW and finally dried in air without staining. The elemental mapping distribution of above-mentioned
nanoprecursors and fibrils were also obtained from FEI Talos F200X S/TEM, which is equipped with a
Super-X silicon drift detector (SDD) system, allowing for rapid acquisition of energy-dispersive X-ray
spectroscopy (EDS) data. The intrafibrillar spacing distance and fibril diameter were measured from the
TEM images using Nano Measure 1.2 and expressed as mean ± standard deviation.
Fourier transform infrared spectroscopy (FTIR) was used to determine the functional groups of all
the five groups of freeze-dried samples. The spectra were acquired using a Nicolet Magna 560 FTIR
spectrometer (Artisan Technology Group, USA) with an attenuated total reflectance (ATR) accessory. The
FTIR-ATR spectra were acquired over the range of 4000-500 cm−1 with a resolution of 4 cm−1 and a total
of 32 scans.
Thermogravimetric analysis (TGA) was performed using a Q500 TGA analyzer (TGAQ-500, TA
Instrument, New Castle, USA). About 15 mg freeze-dried collagen fibrils from each group were placed in
a platinum pan and heated from room temperature to 700 °C at a rate of 5 °C min−1 in air to determine the
amount of minerals in the collagen fibrils in the presence of different analogs.
2.2.4.2 Statistical analysis
Statistical results were shown as mean ± standard deviation (SD) and statistically significant differences (p)
between brushlike polymer groups compared to PAA group were performed by unpaired T-test using
GraphPad Prism 5.

2.3 Results and discussion
2.3.1 Synthesis and characterization of brushlike polymers
Several norbornene appended macromonomers were synthesized with PEG or poly(t-BA) side chains
capable of post-polymerization modifications to achieve carboxyl-rich brushlike polymers. Reversible
addition−fragmentation chain transfer (RAFT) polymerization was used to synthesize the poly(t-BA)
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macromonomer due to its narrow molecular weight distribution and exceptional control over molecular
weight, which resulted in a narrow polydispersity of 1.08.

ROMP of the norbornene endcapped

macromonomers yielded the precursor polymers P-1 and P-2 which exhibited characteristic narrow
molecular weight distributions with polydispersities of 1.13 and 1.08, respectively. Carboxyl group
incorporation in P-1 was performed by ring-opening of maleic anhydride by terminal hydroxyl groups of
the PEG side chains to afford TP-1. Complete hydrolysis of the tert-butyl groups of P-2 by trifluoroacetic
acid were successful in achieving PAA side chains in CP-1. A summary of the weight percentage, number
of side chain repeat units, theoretical Mn, and polymer dispersity for the synthesized PEG-PAA brush
polymers can be found in Table 2.4.
The hydrolysis of P-2 to yield CP-1 was performed using 50 equiv. of trifluoroacetic acid to 1
equiv. of tert-butyl group. Complete hydrolysis of tert-butyl groups was shown to occur when comparing
the 1H NMR spectra of P-2 and CP-1 (data not shown). After confirming the chemical composition of the
brushlike polymers, the dialyzed and freeze-dried TP-1 and CP-1 are ready to be used as sequestration
analogs for biomimetic collagen mineralization.
Table 2.4. Polymer composition and molecular weight.
Entry

Polymer

Weight Percentage a, # of Repeat units b

Mn, theo c
kDa/mol;

NBMPEG

NBPEG

NBPEG-

NBPAA

ÐM(PDI) d

--

42.01

COOH
TP-1

P(NBMPEG-r-NBPEG-r-

67.05, 28

21.35, 8

11.60, 4

NBPEG-COOH)
CP-1

P(NBMPEG-r-NBPAA)

(1.13)
54.58, 20

--

--

45.42, 20

44.29
(1.08)
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a

Weight percentage and b # of repeat units for TP-1 are determined by 1H NMR integrations of the peaks at 3.35,

3.60, and 6.19-6.36 ppm corresponding to NBMPEG, NBPEG, and NBPEG-COOH respectively. c Theoretical Mn
calculated by addition of maleic anhydride to P-1 and complete hydrolysis of tert-butyl groups in P-2 for TP-1 and
CP-1, respectively. d ÐM(PDI) of TP-1 and CP-1 prior to post-polymerization modification.

2.3.2 Intrafibrillar mineralization of collagen fibrils in the presence of brushlike polymers
It is previously reported that needle-shaped carbonated apatite precipitated randomly on the surface of
collagen fibrils in the absence of sequestration and templating analogs, and periodic banding patterns were
not observed [17, 18]. Therefore, to achieve intrafibrillar mineralization of collagen fibrils, a dual-analog
system with TPP as the templating analog while PAA and/or brushlike polymers (TP-1 and CP-1) as
sequestration analogs (Table 2.1) were used in the current work to replicate the dual functions of NCPs. To
investigate the capability of above synthesized brushlike polymers in inducing intrafibrillar mineralization,
TEM images from all five groups listed in Table 2.3 were collected. Figure 2.1 shows typical TEM
morphologies of un-stained collagen fibrils in the presence of different sequestration analogs. Distinct
electron-dense periodic banding patterns (D-banding) can be observed within the un-stained collagen fibrils
from all groups, indicating that minerals had deposited within the gap zone of collagen fibrils and thereby
reproduced the D-banding pattern similar to those normally observed in natural bone. To exclude the
possibility of TPP induced intrafibrillar mineralization, a control group without any addition of PAA or
brush-polymers was added. However, no D-banding patterns can be detectable at the presence of TPP but
the absence of PAA or brush-polymers (data not shown). Therefore, it can be concluded that our brushlike
PEG-COOH terpolymer (TP-1) and PEG-PAA copolymer (CP-1) are capable of inducing intrafibrillar
mineralization of collagen fibrils in the absence of linear PAA. This implies the capacity of these synthetic
brushlike polymers in replicating the sequestration function of NCPs.
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Figure 2.1. TEM morphologies of intrafibrillar mineralized collagen fibrils in the presence of different
sequestration analogues: PAA (A1, A2); PAA/PEG-COOH (B1, B2); PEG-COOH (C1, C2); PAA/PEGPAA (D1, D2); and PEG-PAA (E1, E2).
FTIR spectra were obtained from freeze-dried samples to observe the conformational functional
groups of these mineralized fibrils and the results are shown in Figure 2.2. Specifically, the broad peak
around 3400 cm−1 is associated with water absorption in the fibrils. The peaks at 1649 cm−1, 1553 cm−1, and
1188 cm−1 are assigned to major characteristic peaks of amide I, II, and III bands of type I collagen [24,
68]. The vibrational modes of PO43− were observed with the doublet at approximately 1089 cm−1 and 1022
cm−1 corresponding to the triplet ν3 anti-symmetric P-O stretching mode [69]. A weak peak at 964 cm−1
corresponds to the ν1 non-degenerate P-O symmetric stretching mode, and the peaks at 600 cm−1 and 560
cm−1 are assigned to the ν4 O–P–O bending mode [70, 71]. It is noted that a gradual split of the single peak
at 580 cm−1 into two peaks at 600 and 560 cm−1 implying the transformation of ACP to HA [11, 72].
Therefore, the existence of these two peaks in turn suggests the crystallization of apatite in the mineralized
collagen fibrils. In addition, the peaks at 1410 cm−1 and 875 cm−1 are typical vibration bands of CO32+,
indicating small amount of carbonate substitution in the apatite lattice, which is similar to the mineral phase
in natural bone [68, 73]. In summary, the FTIR spectra obtained from all five groups of samples exhibit
typical vibrational modes of carbonate apatite and collagen.
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Figure 2.2. FTIR spectra of intrafibrillar mineralized collagen fibril in the presence of different
sequestration analogues.
TGA was performed on the freeze-dried fibrils to investigate the mineralization efficiency of the
synthetic brushlike polymers. As shown in Figure 2.3A, the initial 8-12% weight loss in each sample
occurs between 30-150 °C, which is assigned to the evaporation of physically absorbed water on the surface
of fibrils. This is also called dehydration [74]. The second stage has approximately 27-30% weight loss in
each sample occurring between 150-700 °C, which is assigned to the decomposition of collagen molecules
within the fibrils. The final residual is about 58-64 wt%, which are the minerals. It is obvious that the overall
mineral contents in the mineralized collagen fibrils were significantly enhanced by up to 10% using
synthetic brushlike polymers, which were approximately 63.9 ± 0.18 wt% for PEG-PAA and 61.6 ± 0.25
wt% for PEG-COOH as sequestration analog compared to that of 57.6 ± 1.11 wt% for commercial linear
PAA. It is also to be noted that natural bone is a biocomposite comprised of approximately 65 wt% minerals,
25 wt% organic materials, and 10 wt% water [75]. The mineral content in the brushlike polymers is in good
agreement as that in natural bone. Every group has different weight percentages of absorbed water. To
exclude the possibility that the difference in final weight percentage is caused by different level of water
absorbed, dry weight of each sample at T = 150 °C was normalized to 100%. The replotted TGA curves
(Figure 2.3B), show that the group with linear PAA had the most weight loss while the ones with brushlike
polymers had the least loss, confirming that the use of brushlike polymers significantly improved the
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mineral content in collagen fibrils. Figure 2.3C shows the mass ratio of mineral to collagen within the
fibrils that calculated from the dry-weight, suggesting that the mass ratio was enhanced by over 20% when
the linear PAA in the dual-analog system was substituted partially or all by the brushlike polymers to induce
intrafibrillar mineralization of collagen fibrils (1.81 ± 0.21 for PAA group, while 2.17 ± 0.07 (p = 0.11) and
2.23 ± 0.03 (p = 0.006) for PEG-COOH and PEG-PAA group, respectively). Although it is unable to
identify intrafibrillar and extrafibrillar minerals from the TGA analysis, it confirms that the brushlike
polymers are capable of inducing mineralization of type I collagen by playing the role as a sequestration
analog. Moreover, the substitution of linear PAA with brushlike polymers can significantly increase the
mineral content within the mineralized collagen fibrils.

Figure 2.3. TGA curves (A); replotted TGA curves using dry weight (150 °C) as reference (B); and mass
ratio of mineral and collagen of intrafibrillar mineralized collagen fibrils in the presence of different
sequestration analogues (C).
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Figure 2.4. Bright-field (A−C) and HAADF TEM (D−F) images of freeze-dried fibrils using PAA (A, B),
PEG-COOH (C, D), or PEGPAA (E, F) as sequestration analogue. The inset in C suggests that the minerals
deposited are either nanocrystalline or amorphous.
Mineralized collagen fibers are frequently used to construct tissue engineering scaffolds, and one
of the most common techniques used to fabricate scaffolds is freeze casting. It is important to explore the
potential of the brushlike polymers to be used as sequestration analogs to fabricate tissue engineering
scaffolds. Therefore, the self-assembled mineralized collagen fibrils were lyophilized. The bright field TEM
images along with the high angle annular dark field (HAADF) pictures of freeze-dried fibrils synthesized
using PEG-COOH or PEG-PAA brush polymers as a sequestration analog compared to those of using
commercial linear PAA are presented in Figure 2.4. In addition to very small amount of minerals deposited
on the surface of collagen fibrils (extrafibrillar mineralization), periodically D-banding patterns with a
spacing distance of approximately 67 nm (n > 100) are clearly observed from all samples, indicating that
both the extrafibrillar and intrafibrillar minerals have been kept intact after freeze-drying. The inset in
Figure 2.4C shows the selected area electron diffraction (SAED) pattern collected from PEG-PAA induced
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fibrils suggesting that the minerals deposited within the collagen fibrils are either nano-crystalline or
amorphous. This corresponds to the result reported by Hu et al [68], indicating no ring pattern can be
observed in the intrafibrillar mineralized collagen fibrils though clear ring patterns of polycrystalline
hydroxyapatite can be detected from both extrafibrillar mineralized collagen fibrils and intrafibrillar
mineralized collagen scaffolds. Moreover, the diameter of the collagen fibrils slightly expanded from 141
± 12 nm (n = 108) for the PAA group to 146 ± 14 nm (n = 78; p = 0.09) and 145 ± 10 nm (n = 98; p = 0.05)
for the PEG-COOH and PEG-PAA groups, respectively. The increase of the diameter of the collagen fibrils
could be attributed to the fact that more minerals were incorporated into the fibrils [76], which is in
agreement with the fact that the brushlike polymers enhanced intrafibrillar mineralization compared to
linear PAA. Overall, these results not only suggested that the brushlike polymers have a great potential to
be used for fabrication of mineralized collagen fibrils and scaffolds, but also significantly promoted
intrafibrillar mineralization of collagen fibrils.
2.3.3 Intrafibrillar mineralization mechanism induced by brushlike polymers
A polymer induced liquid precursor (PILP) concept has been well accepted to explain the intrafibrillar
mineralization mechanism when polyanionic polymers like PAA or PASP were used. Briefly, it was
believed that ACP nanoparticles first bind to PAA molecules that stabilize ACP complex (PAA-ACP
nanoprecursors) adjacent to the collagen fibrils. The small size and fluidic nature of PAA-ACP
nanoprecursors allow them to infiltrate into collagen fibrils to obtain intrafibrillar mineralization [17, 77].
However, as shown in Table 2.4, unlike the linear PAA that possesses a molecular weight (Mn) of only 2
kDa, the theoretical Mn of both brushlike polymers synthesized in the current work are above 40 kDa. This
implies that the brushlike polymers are unlikely to infiltrate into the gap zone of the collagen fibers
according to the size exclusion effect [78]. Besides, the branch structure also limits their mobility that
further reduces the possibility of these brushlike polymers penetrating into the collagen fibers. Thus, it is
necessary to look into the underlying mechanism of intrafibrillar collagen mineralization induced by
brushlike polymers.
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Figure 2.5. TEM (A−C) and HRTEM (D) images and EDS mapping (E−H) of ACP nanoprecursor formed
in the presence of PEG-PAA copolymer (CP-1).

Figure 2.6. TEM images of PEG-COOH brush polymer dispersed in DIW at pH 6.4 showing round-like
morphology with a diameter of 10.3±3.3 nm (n=273) (A), and in the collagen-free m-SBF solution at pH
7.2 showing network structure (B); and PAA dispersed in the collagen-free m-SBF solution at pH 7.2
showing no network formation (C).
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Figure 2.7. Schematic illustration of the intrafibrillar mineralization mechanism of collagen fibrils induced
by brushlike polymers.
Figure 2.5A shows the TEM image of the nanoprecursors formed in the presence of PEG-PAA.
Many small droplets were found to accumulate at the joints of the network formed by the polymerized
brushlike polymers. The network formation of the brushlike polymer was confirmed by the TEM images
(Figure 2.6). In neutral environment (DIW at pH 6.4) without any addition of ions, round-like nanoparticles
with a diameter of 10 ± 3 nm (n=273) were observed (Figure 2.6A). The nanoparticle formation may have
occurred due to the hydrophobic poly(norbornene) backbone comprising the core and the hydrophilic/
deprotonated PEG-COOH side chains as the outer layer of the nanoparticles in the polar solvent. However,
a network structure was observed when the brush polymer was added into a collagen-free m-SBF solution
at a pH of 7.2 (Figure 2.6B), excluding the possibility that the observed network was formed by collagen.
In contrast to brush polymer, no network structure can be detected when linear PAA was dissolved in the
collagen-free m-SBF solution at pH = 7.2 as shown in Figure 2.6C. At pH = 6.4 ( pH > 3.2), deprotonation
of the COOH groups result in electrostatic repulsion of the grafted side-chains [79], forcing the polymer
into spheres as seen in Figure 2.6A. Introducing the brushlike polymer into the ion-rich m-SBF solution
may be neutralizing the COO- moieties which consequently lowers the electrostatic repulsions of the side-
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chains [80], resulting in the network-like formation seen in Figure 2.6B. The enlarged TEM and HAADF
images of the nanoprecursors (Figures 2.5B/2.5C) show that each droplet consists of many small
nanoparticles. No obvious crystal lattice can be observed with HRTEM (Figure 2.5D), suggesting the
amorphous nature of the nanoparticles. The EDS mapping results (Figure 5E-H) confirms that the
nanoparticles are composed of calcium phosphate. It can be concluded that amorphous calcium phosphate
(ACP) droplets mostly forms in the close vicinity of the joints formed by the network formation of brushlike
polymers. As these fluidic droplets are mostly smaller than 40 nm in diameter, they are capable of
infiltrating collagen fibrils by capillary action and electrostatic attraction to fill in the gap zones between
the collagen molecules and spaces between the microfibrils [11, 81].
A schematic illustration of the intrafibrillar mineralization mechanism induced by the brushlike
polymers is proposed in Figure 2.7. The network of the brushlike polymer (either PEG-COOH or PEGPAA) initially forms within the collagen-containing m-SBF solution. On one hand, at the physical network
junctions of the brush like polymers, the availability of carboxyl groups is enhanced, which in turn readily
attract calcium ions at these sites. Subsequently, phosphate ions are further recruited by the calcium ions,
which form a fluidic calcium phosphate nanocluster. The electrostatic attraction between the carboxyl
groups and Ca ions inhibits the nucleation of HA crystals that in turn gives a stabilized amorphous mineral
structure, namely ACP nanoprecursors as shown in Figures 2.5 [82]. On the other hand, the self-assembly
of collagen simultaneously takes place and TPP, the highly negatively charged templating analog,
accumulates in the highly positively charged gap zone of collagen fibrils [12, 16]. Since TPP is a much
stronger penta-anionic chelating agent to ACP compare to the carboxyl groups of brushlike polymers [83],
the brushlike polymer stabilized ACP nanoprecursors infiltrate into the gap zone of collagen microfibrils
by both capillary action and electrostatic attraction once they are in the vicinity of collagen microfibrils.
Finally, aggregation, solidification, and partially crystallization of these infiltrated ACP minerals start in
the gap zone under the influence of the amino acid side chains of collagen fibrils that give a clear D-banding
pattern, namely intrafibrillar mineralization [12, 84]. However, the promotional effect of the brushlike
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polymers on the intrafibrillar mineralization compared to PAA is still in discussion. Unlike linear PAA
stabilized ACP nanoprecursors, one possible reason is that the architecture of the brushlike polymers
enables greater accessibility of carboxyl groups, producing more stabilized ACP clusters. Another
possibility is that the brushlike polymers are able to form a physical network rendering them unlikely to
infiltrate into the gap zone of the collagen fibrils together with ACP, leaving more spaces in the gap zone
allowing for more ACP accumulation. Therefore, this provides a feasibility to enhance the final mineral
content in the collagen fibrils.

2.4 Conclusions
Two novel carboxyl-rich brushlike polymers, a carboxylated polyethylene glycol terpolymer (TP-1) and a
polyethylene glycol/ polyacrylic acid copolymer (CP-1), were synthesized and showed great potential as a
platform for the preparation of collagen tissue engineering scaffolds. By replicating the sequestration
function of NCPs, these brushlike polymers successfully induced obvious intrafibrillar mineralization of
collagen fibrils. More importantly, TGA data showed that the mineral contents in the mineralized collagen
fibrils produced in the presence of brushlike polymers were significantly higher compared to that induced
by linear PAA. By investigating the formation of ACP nanoprecursors, mineralization mechanisms in the
presence of brushlike polymers were also proposed.

26

3. Development of Col-HA nanoworms as drug delivery vehicles for more efficient tumor
treatment
3.1 Introduction
As a drug delivery vehicle for cancer therapy, nanoparticles (NPs) should be biocompatible, biodegradable
and have the ability to conjugate with fluorescent dyes to facilitate observation of the biodistribution and
specific accumulation of NPs in situ after administration. To achieve efficient therapy, it is also of high
demand to have the NPs retained in blood for a relatively long time, which is an important factor directly
affecting particle accumulation at the tumor site. However, most NPs are spherically shaped. They tend to
circulate in vivo only for a few hours or up to a day [27]. In contrast, non-spherical NPs are less readily
taken up by macrophages, resulting in a reduced clearance rate of the material, thereby prolonging blood
circulation time. Thus, it is required for an optimal design of drug delivery vehicles that have a prolonged
circulation time and can release encapsulated drug molecules in a controlled manner [66].
Type I collagen, as mentioned above, is a long and flexible biocompatible and biodegradable
filamentous protein consisting of three types of amino acid molecules. The periodic 40-nm-long gap zone
in d-banding collagen fibril has been implicated as the location where apatite crystals nucleate from an
amorphous phase (intrafibrillar mineralization), allowing further incorporation of inorganic regents or
organic drugs. Theoretically, the self-assembly process (Figure 1.2) of collagen molecules provides
flexibility to control the final size and morphology (shape) of the collagen fibrils, by monitoring the
polymerization conditions of collagen. Moreover, the stiffness of the collagen fibrils is adjustable according
to the results obtained in chapter 2. Lastly, the abundant surface functional groups of collagen fibrils provide
availability for further conjugation of fluorescent dyes, drugs, and targeting molecules. Therefore, collagenbased fibrils, so-called nanoworms, provide great probability to be used as anisotropic drug carriers for
more efficient tumor treatment as the “4S” parameters, as defined in section 1.4, are flexibly alterable.

3.2 Materials and methods
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3.2.1 Materials
Type I collagen was extracted from rat-tails, purified based on the protocol reported in our previous studies
[65, 66]. Sodium chloride (NaCl; > 99%), potassium phosphate dibasic trihydrate (K2HPO4·3H2O; > 99%),
and sodium tripolyphosphate (TPP, 85%) were purchased from Acros Organics. Sodium bicarbonate
(NaHCO3; > 99%) and polyacrylic acid (PAA, Mw = 2,000 Da) were purchased from Sigma-Aldrich.
Calcium chloride anhydrous (CaCl2; > 99%), magnesium chloride hexahydrate (MgCl2·6H2O; > 99%),
sodium hydroxide (NaOH; 1N), folic acid (FA; 96-102%), sodium butyrate (NaBt; > 98%), 4-(2hydroxyethyl)-1-piperazinneethanesulfonic acid (HEPES; > 99%) Invitrogen Molecular Probes™ DiR'
(1,1'-Dioctadecyl-3,3,3',3'-Tetramethylindotricarbocyanine Iodide) were purchased from Fisher Scientific.
Doxorubicin hydrochloric acid (DOX-HCl) was gifted from Prof. Xiuling Lu from the Department of
Pharmacy at the University of Connecticut.
3.2.2 Polymerization kinetics of collagen
Briefly, collagen polymerization was initiated by adding a phosphate buffer solution (PBS) with/without
PAA to an acid soluble type I collagen solution at 1:1 (v/v) ratio (Figure 3.1) at different conditions. The
polymerization process was simultaneously monitored by measuring the turbidity of the polymerizing
collagen solution at 313 nm versus time using a micro-plate reader (Biotek; US).

Figure 3.1. Schematic illustrations of fiber synthesis instrument.
3.2.3 Self-assembly of collagen nanoworms
The self-assembly of collagen was initiated by mixing a PAA-containing/free PBS with an acid soluble
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type I collagen solution at 1:1 (v/v) ratio at different conditions. Briefly, type I collagen solution and PBS
at pH 7.4 with or without additives were warmed up separately to a 30 ℃ and then mixed at a 1:1 (v/v)
ratio as depicted in Figure 3.1. At a given time point, the reaction was terminated by transferring the
mixture into a freeze drier (Free Zone, Labconco, USA) at -25 ℃ for 4 h and then the mixture was
lyophilized for subsequent characterization. The conditions for self-assembly of collagen nanoworms are
listed in Table 3.1.
Table 3.1. Conditions for self-assembly of collagen nanoworms in PBS.
Groups

Collagen
concentration
(mg/mL)

PBS
concentration
(mM)

PAA
concentration

Time at
termination

(μg/mL)

A

0.5

10

0

1.5 h

B

2

200

20

30 sec

C

4

10

20

30 sec

D

4

200

20

30 sec

3.2.4 Mineralization and surface modification of collagen nanoworms
Stiffness is one of the “4S” parameters affecting tumor therapy efficiency. Therefore, it is of interest to
incorporate stiffer minerals into nanoworms. Based on the protocols established previously [17, 32], PAA
stabilized amorphous calcium phosphate (PAA-ACP) nanoprecursors were first precipitated in a PAAcontaining m-SBF solution at pH 7.2 overnight in a 37 ℃ water bath. The ion concentrations of the m-SBF
used are listed in Table 2.2 and compared to those of human blood plasma. Then a TPP-containing collagen
solution at a concentration of 1.6 mg/mL was mixed with freshly prepared PAA-ACP solution at a 1:1 (v/v)
ratio at room temperature for 30 s, followed by flash frozen in a dry ice bath for 4 h. Afterwards, the frozen
mixture was lyophilized in a freeze drier. Finally, the freeze dried nanoworms were dialyzed against sterile
deionized water (DIW) for 3 days to remove residual ions. To avoid subsequent agglomeration, the obtained
NWs were treated with 5 wt % glycine solution to encapsulate the unreacted carboxyl and amino groups.
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3.2.5 Conjugation of fluorescent dye
The freeze-dried mineralized nanoworms were further conjugated with a near infrared (NIR) fluorescent
marker (DiR) to facilitate bio-distribution in situ observations after IV injection. Briefly, intrafibrillar
mineralized collagen nanoworms were re-dispersed in DIW at pH 7 and then mixed with a DiR containing
DMSO solution at 9:1 (v/v) ratio in dark at room temperature for overnight. After dialyzing the mixture
against sterile DIW for 3 days, the solution was mixed with 3 mg/mL FA solution at 9:1 (v/v) ratio in dark
at room temperature overnight to grant the nanoworms with tumor targeting function. Then the mixture was
dialyzed against sterile DIW for another 7 days to remove all free molecules.
3.2.6 Fabrication of drug-loading mineralized collagen nanoworms
To prepare drug-loaded intrafibrillar mineralized collagen nanoworms, PAA-ACP nanoprecursors were
initially formed in a PAA-containing m-SBF solution at 37 ℃ for overnight. Then 2 mg/mL hydrophilic
DOX-HCl was dissolved in the PAA-ACP nanoprecursor solution, followed by mixing the above solution
with a TPP-containing collagen solution (1.6 mg/mL) at 1:1 (v/v) ratio for 1 min at room temperature. To
slow down the collagen polymerization process, the mixture was transferred to a dry ice bath for flash
frozen for 4 h. The frozen mixture was then freeze-dried to form DOX-loaded mineralized nanoworms.
Finally, the nanoworms were re-dispersed in sterile DIW and dialyzed against sterile DIW to remove
residual ions and free DOX-HCl. For further conjugations and applications, the nanoworms were freezedried one more time.
3.2.7 Extrafibrillar mineralization with iron oxide
It has been a common strategy to facilitate the NPs with magnetic property to obtain efficient targeted
delivery at the presence of an external magnetic field. Therefore, the intrafibrillar mineralized collagen
nanoworms were further mineralized with iron solution using the setup shown in Figure 3.2. Briefly,
dialyzed and lyophilized collagen nanoworms were re-dispersed in N2-aerated iron mixture solution with
Fe2+ and Fe3+ at a ratio of 1:2 and a total concentration of 4 mM. In a sealed environment, the pH of the
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iron mixture was adjusted to above 9 using vapor-phased ammonium hydroxide to facilitate the formation
of magnetic iron oxide nanoparticles. The reaction was taken place at 37 ℃ water bath for overnight and
the whole process was protected by inert N2 atmosphere to avoid undesired oxidation reactions.

Figure 3.2. Schematic illustration of experiment setup for preparation of magnetic coating on collagen
nanoworms.
3.2.8 Characterization of nanoworms
The morphologies of the nanoworms were observed using transmission electron microscopy (TEM, JEOL
JEM-2010, Japan) at an accelerating voltage of 80 kV. For TEM sample preparation, at given time point,
100 μL of mixture was dropped onto a Formvar carbon coated copper grid, rinsed with DIW, and dried in
air without staining. For the morphology of the mineralized collagen nanoworms after freeze-drying, the
nanoworms were re-suspended into DIW and dialyzed against sterile DIW for a week. Then the nanoworms
were freeze-dried one more time to remove moisture completely. To prepare TEM samples, a small amount
of nanoworms was re-dispersed in DIW. Then 100 μL solution was dropped onto a TEM grid until dried in
air without staining, followed with observation under TEM. The length and width of each nanoworm were
measured from TEM images using a software Nano Measure 1.2. The morphology of Fe mineralized
nanoworms was observed using TEM and high resolution TEM (HRTEM) via Thermo Fisher Scientific
Talos F200X S/TEM in the CAMMA. To determine the success of DiR conjugation, confocal laser
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scanning microscopy (CLSM; Nikon A1R, Japan) was used at NIR wavelength ranges.
3.2.9 Drug release
To monitor the DOX release profile at tumor pH (5.0) and biological pH (7.4), 10 mg DOX-loaded
nanoworms were dissolved and mixed well in 1 mL sterile 1X PBS at pH 5.0 and pH 7.4, respectively.
Then the mixtures were shaken at 100 rpm in dark at 37 ℃ using a shaker (MAXQ 4450, Thermo Fisher
Scientific, USA). At given time points (1 h, 4 h, 24 h, 48 h, 72 h, and 96 h), the mixtures were centrifuged
at 14k gcf for 2 min using a centrifuge (centrifuge 5418, Eppendorf, Germany) and the release of DOX was
determined by measuring the absorbance at 485 nm of the supernatants using a Nanodrop 2000
Spectrophotometer (Thermo Fisher Scientific, USA). The nanoworms from the concentrate were then
resuspended in 1 mL fresh 1X PBS at pH 5.0 and pH 7.4 and shaken again until the next observation time
point.
3.2.10 In vivo and ex vivo biodistribution
Male athymic nude mice, 6-8 weeks old, were purchased from Charles River. All animals were housed
under pathogen-free conditions according to AAALAC guidelines. All animal related experiments were
performed in full compliance with institutional guidelines and approved by the Animal Use and Care
Administrative Advisory Committee at the University of Connecticut Humane Use and Care of Vertebrate
Animals. For the mouse xenograft model established from cultured cells, 1 × 107 cell of MIA PaCa-2, a
human pancreatic cancer cell line, were collected in chilled PBS (0.3 mL) and subcutaneously injected
adjacent to the right posterior limbs of the nude mice to create tumor-bearing models [85]. Mice were then
randomly divided into groups (n = 3) after 4 weeks of tumor growth.
The in vivo biodistribution of collagen nanoworms was investigated using an NIR fluorescence
dye, DiR. Nude mice with or without bearing IP MIA PaCa-2 xenografts were used. 100 μL of DiR-loaded
nanoworms were injected into each mouse through tail veins. At each predetermined time point, three mice
were scanned using IVIS Lumina Series III Pre-Clinical In Vivo Imaging system (Perkin Elmer, USA) at
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an excitation of 745 nm. Mice were anesthetized by isoflurane inhalation during the imaging process. After
imaging at the final time point, the mice were euthanized using CO2 overdose. Organs including liver,
lungs, kidneys, heart, spleen, pancreas, and intestines and tumor tissue from each mouse were collected and
fluorescent images were taken to compare ex vivo nanoworm accumulations in the organs and tumor tissue.

3.3 Results and discussion
3.3.1 Polymerization kinetics of collagen

Figure 3.3. Polymerization kinetics of collagen fibril versus time under different collagen concentrations
(A), pH values (B), temperatures (C), and PAA concentrations (D).
The formation of collagen fibrils is considered as the precipitation of protein from a supersaturated solution,
in an ordered form, under particular conditions, which is corporately determined by collagen concentration,
pH, temperature, ionic strength, and additives [86]. As the first step in achieving the desired morphology
of collagen nanoworms, the polymerization kinetics of collagen fibrils were investigated under different
self-assembly conditions and the corresponding results are shown in Figure 3.3. The polymerization was
accelerated with the increase of collagen concentration and temperature (Figures 3.3A and C). While the
rate of precipitation is the slowest at pH 7.4 compared to those at pH 6.0 and pH 8.0 (Figure 3.3B), which
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was also experimentally verified by Wood et al. [87]. The carboxylic groups of the PAA molecule is
expected to provide nucleation sites for the initiation of collagen self-assembly. Therefore, as shown in
Figure 3.3D, the polymerization of collagen was initially accelerated with the addition of PAA. However,
since the carboxyl groups in PAA also competed with those existed in collagen, the final polymerization
degree of collagen was inhibited by the addition of PAA. Moreover, it was found that the collagen
polymerization occurred almost instantly with a super high initial rate and then become constant when the
PAA concentration reached to a certain level (e.g. 0.5 mg/mL). These results provide a solid evidence on
how these parameters moderated the collagen polymerization process, and by controlling these parameters
the size of single collagen nanoworms can be closely tailored.
3.3.2 Self-assembly of collagen nanoworms

Figure 3.4. TEM images of collagen nanoworms with different sizes that self-assembled at different
conditions corresponding to Table 3.1.
Table 3.2. Length and width distributions of collagen nanoworms that self-assembled at different
conditions corresponding to Table 3.1.
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Groups

Length (μm)

Width (nm)

Aspect
ratio

Max

Min

Mean

Max

Min

Mean

A

1.11

0.17

0.45

45.2

12.63

28.17

15.97

B

1.31

0.52

0.88

167.6

46.35

100.08

8.79

C

5.15

1.7

3.02

257.5

91.71

175.25

17.23

D

6.77

2.83

4.44

172.51

76.75

119.28

37.22

Figure 3.5. Length and width distributions of collagen nanoworms of group B.
Type I collagen and PBS with or without PAA additions were separately warmed up to 30 ℃ and then
mixed at room temperature at a ratio of 1:1 (v/v) as depicted in Figure 3.1. By precisely adjusting the
precipitation conditions, including collagen concentration, pH, temperature, ionic strength (PBS
concentration), additives, and termination time, collagen nanoworms with different sizes were successfully
self-assembled. Figure 3.4 shows the representative TEM images of the nanoworms self-assembled at
different conditions. It is noted that the nanoworms of all groups distributed homogeneously on the TEM
grids without any obvious entangling or agglomeration, suggesting that the nanoworms can be used as drug
delivery carriers. The nanoworms showed an average length ranging from 0.5 to 4.5 μm and a width of 30-
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175 nm, as summarized in Table 3.2. Specifically, the length and width distribution of group B fibrils are
displayed in Figure 3.5, showing that the size distributions exhibit a Gaussian distribution. These results
indicate that both the size and shape of these nanoworms are suitable as drug delivery carriers for more
efficient tumor treatment applications [27, 88, 89].
3.3.3 Mineralization, conjugation and drug release of collagen nanoworms

Figure 3.6 TEM images of CaP mineralized collagen nanoworms after freeze-drying and dialysis: frozen
on dry ice bath (-78.5℃) (A) or at -25 ℃ (B).
However, as described above, stiffness is also one of the “4S parameters” that affecting the treating efficacy
of NPs in addition to shape and size. Therefore, it is worthwhile to fabricate a semi-flexible drug delivery
vehicle by mineralizing the collagen nanoworms with stiffer minerals. To achieve this goal, PAA-ACP
nanoprecursors-containing solution was used to substitute PBS in the preparation of collagen NWs. Since
the ionic strength of the nanoprecursors solution is much higher than that of PBS, dry ice bath or freezer
was used to rapidly terminate the polymerization reaction and therefore obtain single NWs without obvious
agglomeration. Consequently, stiffer nanoworms with intrafibrillar mineralized calcium phosphate (CaP)
was obtained, denoted as Col-HA NWs. The TEM images of as-prepared mineralized collagen nanoworms
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are shown in Figure 3.6. Clear electron dense D-banding patterns were observed, suggesting that the
minerals were successfully deposited into the gap zone of collagen nanoworms. Compared to the
nanoworms before mineralization, the size and shape of the Col-HA nanoworms showed no obvious
difference.
With robust surface functionalization, the Col-HA NWs allow the conjugation of fluorescent dye,
DiR, to facilitate the in vivo circulation track of the NWs after injection. A CLSM image was taken at NIR
wavelength on the Col-HA NWs conjugated with DiR. As shown in Figure 3.7A, clear fluorescent signals
were observed from the nanoworms, confirming that DiR was conjugated directly onto the nanoworms.
Moreover, to compare the drug release profile at tumor pH (5.0) and biological pH (7.4), Col-HA NWs
loaded with DOX were re-suspended into 1X PBS at different pHs and shaken in dark. Figure 3.7B1 shows
the photographs of supernatants that were shaken for different time periods at different pHs. It can be
observed that the loaded DOX released faster at beginning as the color of the collected supernatant was
darker. Interestingly the color of the collected supernatant at pH 5.0 was remarkably darker than that at pH
7.4, suggesting a pH-dependent manner of the DOX-loading Col-HA NWs. Figure 3.7B2 shows the
leftovers of the drug-loading NWs that were shaken for four days at different pHs. Obviously, almost all
loaded drugs were released from the NWs at pH 5.0 as the solution became clear. In comparison, the leftover
still exhibited a deep red color when it was shaken at pH 7.4. The concentrations of released DOX were
further quantified by measuring the absorbance at 485 nm of the supernatants using a Nanodrop 2000
Spectrophotometer. As shown in Figure 3.7C, the loaded DOX released much faster at pH 5.0 compared
to pH 7.4. Specifically, it was found that 81 wt% of loaded DOX were released within 24 h at the tumor
pH. In comparison, only 35 wt% of loaded drugs were released within the same period at the biological pH.
Still, ~98 wt% of total loaded drugs were released within 4 days at pH 5.0 while only ~38 wt% of that were
released within the same period when the pH was at 7.4. This is probably because the collagen tends to
dissolution much faster at an acidic pH than at a neutral or a basic pH. The pH-dependent drug release
manner offers a high possibility for the Col-HA NWs to be used as a drug-delivery carrier for tumor therapy
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as they tend to release drugs much faster in tumor tissues than in normal organs.

Figure 3.7. CLSM images of Col-HA NWs conjugated with DiR (A); photographs of DOX released
solutions at different pHs and time points (B1); photographs of leftovers of DOX-loading Col-HA NWs resuspended in 1X PBS at different pHs and shook in dark for 96 h at 37 ℃ (B2); and drug release profiles
at tumor and biological pHs of DOX-loading Col-HA NWs (C).
3.3.4 In vivo and ex vivo biodistribution of collagen nanoworms
Collagen nanoworms (Group B) with an average length of ~900 nm and a width of ~100 nm was IV injected
through mouse tail vein to investigate nanoworm biodistribution after circulation in vivo for a day. The
mice were sacrificed by CO2 overdose and fluorescent images were taken to observe the accumulation of
the nanoworms in each organ ex vivo. As seen in Figure 3.8, a small amount of fluorescent signal was
observed in the heart from the experimental group, suggesting that some injected nanoworms had
accumulated in the heart. In contrast, most nanoworms were observed to accumulate in the kidneys,
inferring that fluorescent dye (Cy7) was most likely to circulate in a free dye state. Since the size and shape
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of the nanoworms are suitable for long circulation drug delivery applications, massive kidney accumulation
of nanoworms should not have taken place. Therefore, the most possible reasons causing a high kidney
accumulation could be either the nanoworms degraded too fast during the circulation or the fluorescent dye
did not bind well with the nanoworms during conjugation.

Figure 3.8. Ex vivo biodistribution of collagen nanoworms without mineralization after 24 h of IV injection.
To overcome this problem, intrafibrillar mineralized nanoworms (Col-HA NWs) with DiR
conjugation were prepared. It was observed that the fluorescence was still detectable 96 h post-injection,
indicating that the nanoworms survived in the blood stream for at least 4 days (Figure 3.9A). More
importantly, the fluorescent intensity significantly increased with the circulation time in the organs and the
tumor tissue (Figure 3.9A), suggesting that the Col-HA NWs significantly prolonged the blood circulation
time of the nanoworms. Thus, the mineralized collagen nanoworms can be an efficient drug delivery vehicle
for tumor treatment. Although very small amount of tumor accumulation was observed, compared to the
nanoworms without CaP mineralization, which accumulated mostly in the kidneys, the intrafibrillar
mineralized Col-HA NWs exhibited an obvious lung and liver accumulation (Figures 3.9B and C).
However, large amount of lung accumulation could be an indication of particle agglomeration. It is
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important to conduct further surface modifications of the nanoworms to block their functional surface
groups and prevent them from agglomeration during blood circulation in vivo.

Figure 3.9. In situ biodistribution of mineralized collagen nanoworms versus time after IV injection (A)
and ex vivo biodistributions 96 h post-injection (B and C). 570, 569, and 515 refer to three different mice
subjected to the same in vivo test.
As such, the NWs were treated with 5 wt% glycine solution to reduce particle agglomeration and
therefore eliminate heavy lung accumulation. Moreover, to obtain better tumor accumulation, it has been a
common strategy to introduce magnetic property to the drug carries. Therefore, Fe3O4 magnetic NPs have
been coated to the surface of the Col-HA NWs through an extrafibrillar mineralization process with a total
of 4 mM Fe solution. The surface modified Col-HA NWs coated with magnetic NPs were IV injected
through tail vein. Each mouse was treated with a 0.5 T magnet twice a day for 30 mins by placing a magnet
atop of the skin approaching to the surface of tumor site. As shown in Figure 3.10A1-A3, the overall
fluorescence increased over time within the 5 days of observation period, suggesting a long blood
circulation as expected. Moreover, by comparing the fluorescent intensity accumulated in each organ
(Figure 3.10B1-B2), it was found that the NWs mostly accumulated in liver. Although lung accumulation
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still existed, the relative fluorescent intensity observed in liver was three times as high as that in liver. In
comparison, lung accumulation was remarkably higher than liver in the Col-HA NWs without surface
modification and Fe coating. Furthermore, due to long circulation of the NWs, substantial tumor
accumulation of the fluorescence was observed (Figure 3.10C). However, no obvious difference of tumor
accumulation was observed between the groups with or without (data not shown) external magnetic field
treatment. This might due to the amount of iron coated was not high enough. To obtain more efficient tumor
accumulation, a thicker iron oxide coating will be applied in future studies.

Figure 3.10. In situ biodistribution of iron oxide coated, surface-modified Col-HA NWs in the presence of
an external magnetic field versus time after IV injection (A1-A3), ex vivo biodistributions in mice 120 h
post-injection (B1-B2), tumor accumulation in different organs versus time (C). 115,116, and 237 refer to
three different mice subjected to the same in vivo test.

3.4 Conclusions
Collagen polymerization kinetics and their influences on the shape and size of self-assembled collagen
nanoworms were thoroughly investigated. By precisely controlling the physicochemical conditions during
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the collagen polymerization process, collagen NWs with controlled sizes were self-assembled. To improve
the in vivo blood circulation time of these NWs, CaP were incorporated into the gap zone of collagen
nanoworms through a biomimetic intrafibrillar mineralization process to produce Col-HA NWs. It was
found that the Col-HA NWs were able to circulate in the blood stream for at least 4 days, which is
significantly higher than those of most nanoparticles reported. As a result, a gradual time-dependent organ
accumulation manner was observed. Importantly, as both collagen and hydroxyapatite are dissolvable in
acidic environment, the DOX-loaded Col-HA NWs were found to release drug much faster at tumor pH
(~5.0) than they do at biological pH (7.4) with the dissolution of Col-HA NWs. Moreover, to reduce NWs
agglomeration and therefore decrease lung accumulation of the NWs, a surface modification was applied.
Although massive tumor accumulation of NWs was not observed, better tumor accumulation is expected
when thicker Fe coating is applied in future studies. The current work collectively suggests that the ColHA nanoworms can be a promising drug delivery vehicle for more efficient cancer treatment.
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4. Intrafibrillar mineralized Col-HA-based scaffolds for bone regeneration
4.1 Introduction
As discussed previously, intrafibrillar mineralized Col-HA-based composites provide great biological
potentials to be used as bone tissue engineering scaffolds due to their excellent biocompatibility, mechanical
property, and biodegradability. However, lack of osteoinductivity have greatly limited their efficiency in
bone repair of these materials. It is of high demand to modify the material to obtain a smart tissue
engineering scaffold for improved osteogenicity. It is believed that the functionality of regenerated tissue
is highly dependent on the micro-structure of the three-dimensional (3D) matrix [90]. Regenerated tissue
may have unfavored mechanical or biological properties if the loaded scaffolds do not have an appropriate
microstructure [91, 92]. Ideally, 3D scaffolds should possess interconnected pores that support cell
adhesion, vascularization and transport nutrients and metabolic wastes while maintain reliable mechanical
strengths. In this sphere, Col-HA-based scaffolds were previously engineered into either cellular structure
through homogeneous freeze drying or lamellar structure through unidirectional freeze drying [93, 94].
However, their osteogenic potential has yet been systematically compared. It is meaningful to first
investigate the impact of scaffold structure on osteogenic activities.
A further promising strategy is to include inorganic ions into the material to obtain a dopantinduced osteogenesis. On this regard, manganese (Mn), one of the most prominent trace elements in bone,
was revealed to contribute to body growth and development partially through taking part in carbohydrate
metabolism and synthesis of mucopolysaccharides in natural bone [95, 96]. It was also found that
manganese deficiency may weaken osteoblast activities, resulting in delayed osteogenesis processes leading
to bone deformation, growth inhibition, diminished movement co-ordination, and even bone resorption
[97]. Additionally, there are increasing reports indicating Mn exhibited enhanced antibacterial, osteogenic
and chondrogenic capabilities of grafting materials [39, 98, 99]. In the meantime, iron (Fe), another
essential element that exists in almost all living organism as a nutrition component, is believed to play
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crucial roles in certain biochemical activities, such as oxygen sensing and transport, electron transfer and
catalysis [100, 101]. More importantly, it was reported that Fe was able to serve as a Fenton regent to
facilitate the generation of reactive oxygen species (ROS) under limited light illumination [102].
Consequently, the antibacterial and osteogenic properties of the Fe-incorporated materials was then
improved with the generation of ROS [101, 103]. Considering that these cations are dose responsive and
may cause toxicity beyond their upper limits (UL) [104, 105], combined usage of these ions provides a
good possibility to maximum the benefit of functional elements without exceeding their ULs and inducing
severe adverse effects [106, 107].
Therefore, this work aims to distinguish the structural priority of Col-HA-based scaffolds with
intrafibrillar mineralized collagen fibrils as its basic building blocks that structurally and compositionally
resemble that of natural bone, and then develop dopant-induced smart tissue engineering scaffolds to
improve osteogenic capacity of these Col-HA-based scaffolds. The physicochemical properties and in vitro,
in vivo, and ex vivo biological performances of the resulting scaffolds were systematically evaluated.

4.2 Materials and experiment
4.2.1 Materials
Type I collagen was extracted and purified from rat tails based on the protocol reported by Rajan et al. with
modificatin [64-66]. Sodium chloride (NaCl; > 99%), potassium phosphate dibasic trihydrate
(K2HPO4·3H2O; > 99%), and sodium tripolyphosphate (TPP, 85%) were purchased from Acros Organics.
Sodium bicarbonate (NaHCO3; > 99%), polyacrylic acid (PAA, Mw = 2,000 Da), Iron (II) chloride
tetrahydrate (FeCl2·4H2O; ≥ 99%) and manganese chloride tetrahydrate (MnCl2·4H2O; ≥ 99%) were
purchased from Sigma-Aldrich. Calcium chloride anhydrous (CaCl2; > 99%), magnesium chloride
hexahydrate (MgCl2·6H2O; > 99%), sodium hydroxide (NaOH; 1N) and 4-(2-hydroxyethyl)-1piperazinneethanesulfonic acid (HEPES; > 99%) were purchased from Fisher Scientific.
4.2.2 Preparation of intrafibrillar mineralized scaffolds
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Table 4.1. Ion concentration of human blood plasma and modified-simulated body fluid (m-SBF) used in
the present study.
Ion

Human blood plasma [mM]

m-SBF [mM]

Na+

142.0

219.8

K+

5.0

12.4

Mg2+

1.5

3.0

Ca2+

2.5

15.8a)

Cl-

103.0

222.4

HCO3-

27.0

35.0

HPO42-

1.0

6.2

SO42-

0.5

0

a)

Ca2+ concentration varies in different sample groups; detailed in Table 4.2.

Table 4.2. Concentration of essential cations in the m-SBF for different gels.
Gels

Ca2+ [mM]

Fe2+ [mM]

Mn2+ [mM]

Col-HA

15.8

0

0

Col-FeHA

14.22

1.58

0

Col-MnHA

14.22

0

1.58

Col-FeMnHA

14.22

0.79

0.79

Based on previously established protocol, intrafibrillar and extrafibrillar mineralized collagen fibrils were
fabricated in the presence of PAA and TPP [17, 18]. Briefly, PAA was added to a modified simulated body
fluid (m-SBF) to form PAA-ACP nanoprecursors. The ion concentrations of m-SBF in preparation of
different sample are listed in Tables 4.1 and 4.2. For Fe/Mn-bearing groups, 10 mol% Ca2+ in the m-SBF
were substituted by 10 mol% Fe2+, 10 mol% Mn2+, and 5 mol% Fe2+ + 5 mol% Mn2+ for Col-FeHA, ColMnHA and Col-FeMnHA, respectively. Type I collagen stock solution (4 mg/mL) was diluted to 2.2
mg/mL using PAA-containing m-SBF. TPP (1.2 wt%), the templating analog, was simultaneously added
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to the mixture to template the hierarchical arrangement of mineral within collagen fibrils. Then the pH of
each

solution

was

titrated

to

7.4

by

addition

of

HEPES

(4-(2-hydroxyapatiteethyl)-1-

piperazineethanesulfonic acid), NaHCO3 and NaOH. The preparation of mixtures was conducted on ice,
where the resulting suspension experienced a two-temperature process by leaving them at 25 °C for 1 h,
and then transferring them to a water bath at 37 °C for another 23 h. To prepare cellular scaffold, such
prepared Col-HA gels were spun down using a centrifuge (Legend XTR, Thermal Scientific, USA) at
15,000 rpm for 30 min, and the resulting precipitates were re-suspended in sterile deionized water (DIW)
and minced using a homogenizer atop ice bath. The resulting suspensions were then transferred to a petri
dish and freeze-dried at -25 ℃ for 7 days in a lyophilizer (Free Zone, Labconco, USA) to remove the
residual moisture within the materials. For the preparation of lamellar scaffolds, the resulting gels were
subjected to a 30 min self-compression process and then transferred to lyophilizer and freeze-dried at -25
℃ for 7 days. Afterwards, both cellular and lamellar scaffolds were crosslinked according to the protocol
reported previously [91], followed by lyophilization under the conditions mentioned above.
4.2.3 Characterization
To determine the success of intrafibrillar mineralization of various hydrogels, a small piece of gel that
experienced the two-temperature process was dissolved in DIW and smashed into micro pieces, then 100
μL of the suspension was dropped onto a Formvar carbon-coated copper grid, rinsed against DIW, dried in
air, and observed using transmission electron microscopy (TEM; JEM-2010, JEOL, Japan). The
morphologies of various scaffolds were examined using TEM (Talos F200X S/TEM, Thermo Fisher
Scientific; USA) at an accelerating voltage of 200 kV in the UConn/Thermo Fisher Scientific Center for
Advanced Microscopy and Materials Analysis (CAMMA). To prepare TEM samples from the freeze-dried
scaffolds, a small piece of scaffold was immersed in absolute ethanol and minced into fibrils using a
homogenizer (Omni International TH, USA) and 100 μL suspension was dropped onto a TEM grid until
dried in air without staining. The surface and cross-sectional images of the scaffolds were observed using
low vacuum scanning electron microscopy (SEM; TENEO LVSEM, Thermo Fisher Scientific, USA). The
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elemental compositions of Fe and Mn in the scaffolds were measured using energy dispersive X-ray
spectroscopy (EDS; EDAX, USA) affiliated to the LVSEM. The surface functional groups were
characterized using Fourier transform infrared spectroscopy (FTIR; Nicolet Magna 560, Artisan
Technology Group, USA) with an attenuated total reflectance (ATR) over the range of 4000-500 cm-1 with
a total of 32 scans at a resolution of 4 cm-1. The phase compositions of various scaffolds were determined
using X-ray diffraction (XRD; Bruker D2 phaser, Germany) at a scan rate of 1° min-1 and a step size of
0.02° with CuKα radiation (l = 1.54056 nm). The mineral contents in various scaffolds were revealed by
thermogravimetric analysis (TGA; TGAQ-500, TA Instrument, USA) over the range from room
temperature to 700 ℃ with a heating rate of 5 ℃ min-1 in air.
4.2.4 Ion release
The Fe or Mn ions released from Col-FeHA-lamellar, Col-MnHA-lamellar and Col-FeMnHA-lamellar
scaffolds were measured at day 1, 3, 7, 14 and 21 days, respectively. Briefly, a scaffold with a diameter of
5.5 mm and thickness of 1 mm were immersed in 1 mL of 1X PBS (pH 7.4) at 37 ℃ in an incubator without
stirring. At desired time points, 0.5 mL of liquid was collected and diluted to 5 mL. Then the concentration
of Mn/Fe ion release was determined using inductively coupled plasma optical emission spectrometry (ICPOES; Perkin Elmer Optima 7300 DV, USA). The results were expressed as mean ± SD.
4.2.5 Cell culture of mouse calvarial 3T3 (MC3T3)
Mouse calvarial 3T3-E1 (MC3T3-E1; ATCC CRL-2593, USA) cells were used to examine the in vitro
cytocompatibility of various scaffolds. MC3T3-E1 cells were cultured in a flask (FALCON, USA)
containing 10 mL cell culture medium (CCM) consisting of α-minimum essential medium (α-MEM; Gibco,
Invitrogen, Inc., USA) supplemented with 10% fetal bovine serum (FBS; Gibco, USA) and 1% penicillinstreptomycin (Gibco, USA). In a humidified atmosphere of 5% CO2 under 37 ℃ in an incubator (NAPCO,
USA), cells were cultured and sub-passaged when reaching 80-90% confluence.
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4.2.6 Scaffold seeding of MC3TC
Scaffolds were punched into pieces with a diameter of 5.5 mm and a thickness of 1 mm, and then disinfected
in 75% ethanol for 2 h with the ethanol being refreshed every 30 min. The samples were then rinsed against
PBS thrice and immersed in CCM overnight to adsorb proteins. The next day, soaked scaffolds were briefly
dried over sterile cloth to remove entrapped media, transferred to 96-well plates, and seeded with 1 x 105
cells/well MC3T3. Cells were allowed to attach for 2 hours, with small amount of media addition to keep
samples hydrated without flashing out cells. For lamellar scaffolds, 30 μL CCM containing 5,000 cells were
seeded from the side of scaffolds, and another 30 μL CCM containing 5,000 cells were seeded atop of the
scaffolds. For cellular scaffolds, 30 μL CCM containing 5,000 cells were seeded atop of the scaffolds, and
the scaffolds were flipped down and another 30 μL CCM containing another 5,000 cells were seeded from
the other side of the scaffolds. In the next 1 h, 30 μL CCM was carefully added to the base of the culture
plate every 30 min to completely immerse the scaffolds [108].
4.2.7 Viability of MC3TC
AlamarBlue assay was used to evaluate cell viability for cells seeded within scaffolds. The cells were
cultured for 7 days with CCM refreshed every other day. After incubating for 1 day, scaffolds that attached
with cells were transferred to a new 96-well plate, leaving behind the cells escaped from samples. Phenolred-free cell culture medium supplemented with 10% alamarBlue (Thermo Scientific, USA) was added to
each well. After culturing for another 4 h, 100 μL of the culture solution was transferred from each well to
a new 96-well plate to measure the absorbance at wavelengths of 570 nm and 600 nm by a mircoplate reader
(BioTek, USA). The samples were then rinsed against PBS twice to remove residue alamarBlue, and 100
μL fresh CCM was added to each well and refreshed every other day. After culturing for another 3 and 6
days, cell viabilities were measured per the same procedures described above. Percentage of reduction of
alamarBlue was calculated according to the instruction provided by the assay [39].
4.2.8 Attachment of MC3TC
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To check cell attachment under SEM, the cell-seeded scaffolds were subjected to critical point drying. After
incubated for 1 and 7 days, cell-seeded scaffolds were fixed with 2.5% glutaraldehyde solution (Gibco,
Invitrogen, USA) at 4 ℃ for overnight, followed by dehydration against a series of ethanol solutions (30,
50, 75, 90, and 95% (v/v)) for 10 min each. After the final dehydration in absolute ethanol (100%) for 10
min twice, samples were primarily dried against a series of hexamethyldisilizane (HMDS) solution diluted
in ethanol (33, 50, 67, and 100% (v/v)) [109]. Then the cell-attached scaffolds were observed via Thermo
Fisher Teneo LVSEM in the CAMMA.
4.2.9 BMSCs culture
Primary BMSCs carrying the reporter of bone sialoprotein (BSP) marked with green fluorescent protein
(BSP-eGFP) and dentin matrix protein 1 (DMP1) marked with red fluorescent protein (DMP-mCherry),
fluorescent reporter genes were derived from the bone marrow of 8-week-old dual transgenic mice
constructed in the laboratory of Dr. David Rowe at UConn Health according to the protocol reported
previously.[110] Briefly, after the transgenic mice were sacrificed by CO2 asphyxiation, hind legs were
harvested, and tibias and femurs were collected in chilled sterile 1X PBS. Epiphyseal bone was cut, and
bone marrow was repeatedly flushed with 10 mL cell culture media [CCM, DMEM media (Lonza)
containing 10% Fetal Bovine Serum (Hyclone) and 1% (v/v) penicillin-streptomycin (Life Technology)]
using a 25 5/8-gauge syringe needle. Collected bone marrow was then passed through an 18 1/2–gauge
needle to break up tissue pieces, plated at 1 x 107 cells in a 100 mm petri dish, and expanded in hypoxic
incubator (37ºC, 5% CO2, 5% O2, Sanyo, Japan) to accelerate growth of the progenitor cells with the CCM
being refreshed every other day for 5 to 7 days until confluent.
4.2.10 Scaffold seeding of BMSCs
Scaffolds were punched into pieces with a diameter of 5.5 mm and a thickness of 1 mm, and then disinfected
by ethylene oxide (EO) gas in an EO sterilizer (AN741, HW Anderson, USA). The samples were then
rinsed against PBS twice and immersed in CCM overnight to adsorb proteins. The next day, soaked
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scaffolds were briefly dried over by sterile cotton swab to remove entrapped media, transferred to ultra-low
attachment 24-well plates (Corning, USA) with 3 identical samples/well, and then seeded with 5 x 105
cells/sample of BMSCs. The scaffold seeding steps were similar to those of MC3T3 cells as described
above while the CCM was substituted by osteogenic media [α-MEM (Life Technology, USA) containing
10% Fetal Bovine Serum (Hyclone, USA) and 1% (v/v) penicillin-streptomycin (Life Technology, USA),
and supplemented with 50 μg/mL ascorbic acid and 4 mM β-glycerophosphate]. BMSCs at passage 1 were
used for the following experiments and quantitative assays were done in triplicates.
4.2.11 In situ fluorescent microscopy
Fluorescence of the reporter cells was observed at days 3 (data not shown), 7, 14, and 21 using an inverted
fluorescent microscopy (Zeiss Axio Observer Z.1, Germany). Fluorescence was captured with a 10X
objective lens in an area of interest within 3 X 3 tiles. The tiles were then stitched together to create a
mosaic. The exposure time for GFP and RFP channels were both set to 1000 ms to obtain equal fluorescent
intensities for all images.
4.2.12 Fluorescence-activated cell sorting (FACS) analysis
To quantify the fluorescence of the reporter cells cultured within various scaffolds, Cells in the materials
for 3, 7, 14, and 21 (data not shown) days were released and subjected to FACS analysis. Briefly, scaffolds
were digested in an enzyme buffer [2 mg/mL collagenase D (Roche; Switzerland), 2 mg/mL hyaluronidase
(Sigma-Aldrich, USA), 20% (v/v) 0.25% trypsin-EDTA (Gibco,

USA), and 1% (v/v) penicillin-

streptomycin in Hank’s balanced salt solution (HBSS; Gibco, USA)] for 2 hours with the buffer being
refreshed every other 30 min. Between each cycle, the supernatant was collected and filtered over a 70 μm
nylon membrane to leave behind the debris of un-digested scaffold. The resulting solution was then
centrifuged, and the cell pellet was re-suspended in 100 μL of fresh 1X PBS with 2% FBS for FACS
analysis using a Cellometer (Nexcelom Bioscience, USA) equipped with lasers filters of 488 nm for GFP
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and 561 nm for RFP. Fluorescent intensity above 103 was defined as a positive signal and fluorescent
populations were calculated by normalizing the GFP or RFP event to the entire event population.
4.2.13 Quantitative real-time reverse-transcriptase polymerase chain reaction (RT-qPCR)
Table 4.3. Sequences of primers used for RT-qPCR.
Gene
(mouse)

Forward

Reverse

18S

GTA ACC CGT TGA ACC CCA TT

CCA TCC AAT CGG TAG TAG CG

Col1

CCT GAC GCA TGG CCA AGA AGA CA

CGG GCA GAA AGC ACA GCA CTC

OPG

GCA GAG ACG CAC CTA GCA CTG

GCC AGC TGT CCG TAT AAG AGT

Osterix

GGA TGG CGT CCT CTC TGC TTG AG

GAG GAG TCC ATT GGT GCT TGA GA

Phex

GCA TGA TTA ACC AGT ATA GCA A

GGT CTA TAG GAA TTG CAC CTT AC

Bglap1

TCC AAG CAG GAG GGC AAT AAG

GCG TTT GTA GGC GGT CTT CAA G

DMP1

CGC ATC CCA ATA TGA AGA CTG

GCT TGA CTT TCT TCT GAT GAC TCA

To evaluate the mRNA transcript levels of osteogenic-related genes, scaffolds with BMSCs incubated for
2, 7, 14, and 21 days were removed from culture and homogenized in 500 μL of TRIzol regent (Life
Technologies, USA) using a homogenizer (Omni International TH, USA). Then RNA was extracted by
RNA extraction column following company’s protocol (Zymo Research, USA). To remove DNA
combinations, the on column DNAse digestion was performed following company’s protocol (Zymo
Research, USA). The purity and concentration of RNA were determined by measuring the absorbance at
260 and 280 nm using a Nanodrop 2000 Spectrophotometer (Thermo Fisher Scientific, USA). The cDNA
was reverser-transcribed from 100 ng of total RNA using a High Capacity Reverse Transcription kit with
random primers (Applied Biosystems, USA). RT-qPCR was then performed on 5 ng cDNA per reaction
using SYBR Green method (Bio-Rad, USA). The forward and reverse primers used are listed in Table 4.3.
Relative expression level of each target gene was calculated using the 2–△△CT method and normalized to
housekeeping gene 18S expression levels. Fold change on days 7, 14, and 21 of genes was calculated by
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normalizing the relative expression levels of each target gene to the corresponding relative expression levels
at day 2.
4.2.14 Cryo-histology
Scaffolds cultured with BMSCs for 21 days were fixed with 10% formalin (Sigma-Aldrich, USA) at 4 ℃
overnight, rinsed with sterile 1X PBS thrice, soaked in 30% sucrose (Sigma-Aldrich, USA) at 4 ℃ for
another night until isotonic. Scaffolds were then immersed in 2-methlbutane and chilled with dry ice to be
embedded within an optimal cutting temperature (OCT) compound (Tissue-Tek, Electron Microscopy
Sciences, USA). The embedded samples were then cryo-sectioned to a thickness of 10 μm using a Leica
CM3050Scryostat (Leica, Germany). The cryo-sections were adhered to adhesive capture tape with
minimum autofluorescence (Cryofilm type II, Section-Lab Co. Ltd., Japan), and crosslinked onto glass
slides using 3 Joule of ultraviolet (UV) light (UV crosslinker; Spectroline, USA). The sections were stained
with DAPI to better understand the distribution of BMSCs across the cross-sections of the scaffolds before
imaging using an automatic fluorescent slide scanning microscopy (Zeiss Axio Scan Z.1, Germany) with a
10 X objective lens. Finally, the sections were stained and imaged one more time with Vector Blue and von
Kossa to observe ALP and calcium mineral depositions, respectively, within various scaffolds.
4.2.15 In vivo scaffold implantation
To examine the in vivo bone regeneration capacity of various scaffolds, a mouse calvarial defect model was
used. The experimental protocol was approved by the institutional animal care committee, UConn Health
(ACC protocol 1011110718). Punched scaffolds with a diameter of 3.5 mm and a thickness of 500 μm were
disinfected by EO gas and implanted into mice calvarial defects in NSG mice (host) for 8 weeks (n=3). A
commercially available cellular Col-HA scaffold, Healos (DePuy Spine, USA), was used as a positive
control. CD-1 transgenic mice containing the 3.6-kb fragment of the rat collagen type 1 promoter fused to
a Cyan fluorescent protein (Col3.6Cyan; ECFP, blue; n = 8), constructed in the laboratory of Dr. David
Rowe at UConn Health, were used as a donor in this study [111]. Before surgery, the mice were anesthetized
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with an intraperitoneal injection of 135 mg/kg Ketamine and 15 mg/kg Xylazine. The head was shaved,
and the surgical site was cleaned with 70% ethanol. An incision was made just off the sagittal midline to
expose the parietal bone and a 3.5 mm defect was made on the right side of non-suture associated parietal
bone using a trephine drill. The calvarial disk was removed carefully so as to avoid any injury to the
underlying dura mater. Then a scaffold seeded with 4 x 106 fresh bone marrow nucleated cells (without
preculture) extracted from donor mice carrying Col3.6Cyan fluorescent protein was placed over the defect.
To prevent implant dislodging, the skin was sutured with 5-0 vicryl (Zogo Medical, USA). All surgical
mice were housed separately for the first week to avoid movement of implanted scaffold [112].
4.2.16 Tissue staining and imaging
One day prior euthanasia, the mice were injected intraperitoneally with alizarin complexone (AC) (30
mg/Kg body weight). Calvaria were dissected free from the surrounding tissue of the skull 8 weeks post
implantation and fixed in 10% formalin at 4 ℃ for 2 to 3 days. Then the digital photographs and X-ray
images of the calvaria were taken using a stereo microscopy with a 4.4 : 1 zoom (Leica EZ4 D, Germany)
and a cabinet X-ray system (Faxitron LX60, USA), respectively. The regeneration ratio was calculated with
ImageJ software using the X-ray images following the formula:

regeneration ratio =

area of newly formed bone
area of defect

and the relative X-ray density was calculated in ImageJ software using the X-ray images according to the
formula:

relative X − ray density =

mean grey value of newly formed bone
mean grey value of surrounding bone

Then the calvaria were transferred into a cold 30% sucrose solution in PBS at pH 7.4. The next day, the
tissue was positioned in Shandon Cryomatrix, chilled on dry ice and stored in airtight plastic bags at -20 ℃
until sectioning. Cryo-sections were obtained from the embedded calvaria at a thickness of 5 μm on a Leica
CM3050Scryostat (Leica, Germany) using a disposable steel blade (Thermo Fisher Scientific, USA)
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(Cryofilm type II, Section-Lab Co. Ltd., Japan), followed by a tape transfer process as described above.
The cryo-sections were then sequentially imaged by dark field imaging to view mineral formation, by
alkaline phosphatase (AP) staining to view active osteoblasts, by tartrate-resistant acid phosphatase (TRAP)
staining to view osteoclast distribution and by DAPI staining to view the nuclei of all cells, by toluidine
blue (Tol Blue) staining to view nuclei/ tissue matrix, by alizarin red (Aliz) staining to view extracellular
calcium deposition, as reported earlier [113, 114].
4.2.17 Statistical analysis
The data were expressed as means ± standard deviations. The statistical analysis was performed using the
two-way ANOVA analysis with a Bonferroni post-test by GraphPad Prism5. The difference was considered
statistically significant at *p < 0.05, **p < 0.01, and ***p < 0.001.

4.3 Results and discussion
4.3.1 Intrafibrillar mineralization of scaffolds
It is widely accepted that the biomineralization of collagen is well regulated by a series of non-collagenous
proteins (NCPs). However, due to limited availability and high cost of NCPs,[14, 17] an alternative strategy
has therefore been developed to use synthetic analogs of NCPs to replicate the sequestrating and templating
functions in the biomineralization process. As shown in Figure 4.1, polyacrylic acid (PAA) was employed
in the current project as a sequestration analog of NCPs to suppress broad hydroxyapatite crystallization by
stabilizing amorphous phase of calcium phosphate (ACP) in the modified simulated body fluid (m-SBF )
in the presence or absence of Fe/Mn ions to form intrafibrillar mineralization [13, 21]. On the other hand,
sodium tripolyphosphate (TPP) that possesses high affinity for divalent ions, was used as a templating
analog to achieve highly ordered intrafibrillar mineralization [24, 25]. Detailed intrafibrillar mineralization
mechanism in the presence of the NCPs analogs were previously reported based on the polymer induced
liquid precursor (PILP) concept [77]. Briefly, raising the temperature and pH of the collagen-containing mSBF in the presence or absence of Fe/Mn resulted in the precipitation of calcium phosphate (CaP). Since
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the phosphorous ions were initially attracted by PAA molecules via electrostatic force, the crystallization
of CaP was largely limited, therefore leading to the formation of amorphous (Fe/Mn-bearing) calcium
phosphate (A(Fe/Mn)CP) clusters. The fluidic, small-sized, and positively-charged PAA stabilized
A(Fe/Mn)CP clusters enabled the infiltration of the minerals into the gap zone of collagen, where the
negatively-charged TPP existed, with the help of its high affinity for Ca2+, Fe2+, and Mn2+ [12, 32]. With
further polymerization of collagen and co-precipitation of HA, intrafibrillar mineralized collagen fibrils
were self-assembled. After the intrafibrillar mineralized collagen hydrogels being formed through a twotemperature process, Col-HA-based scaffolds with either a cellular (Col-HA-cellular) or a lamellar (ColHA-lamellar) structure were engineered by homogeneous or unidirectional freeze-drying processes,
respectively. According to our previous studies, lamellar scaffold demonstrated much higher Young’s
modulus, stronger tensile strength, and favorable osteoblast adhesion compared to cellular scaffold [93, 94].
The preliminary study of this work also indicated that the Col-HA-lamellar scaffold possesses significantly
better biological performances than the Col-HA-cellular scaffold. Therefore, Fe and Mn ions were
incorporated separately or jointly into Col-HA-lamellar scaffolds to prepare Col-FeHA-lamellar, ColMnHA-lamellar, and Col-FeMnHA-lamellar scaffolds.
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Figure 4.1. Schematic illustration of the formation of intrafibrillar mineralized Fe/Mn-containing Col-HA
scaffolds. PAA-A(Fe/Mn)CP indicates poly (acrylic acid)-stabilized amorphous calcium phosphate with or
without Fe/Mn. TPP indicates sodium tripolyphosphate.
4.3.2 Characterization of intrafibrillar mineralized scaffolds
Figure 4.2A1–A4 shows four different Col-HA hydrogels in the presence of Fe/Mn that went through a
two-temperature process. The inset in Figure 4.2A1 shows the typical hydrogel after self-compression.
Compared to the hydrogels before self-compression, the height of the gel was almost halved while the
diameter maintained unchanged. Consequently, the gel density and mechanical strength were significantly
increased due to significant amount of water released from the system under gravity. It can be also seen that
the color of Col-FeHA (10 mol% Fe; Figure 4.2A2) and Col-FeMnHA (5 mol% Fe + 5 mol% Mn; Figure
4.2A4) hydrogels turned into light brown from opaque white as a result of Fe incorporation. The color
change is Fe-dose-dependent. In comparison, the incorporation of Mn didn't demonstrate obvious color
change of the hydrogels. On the other hand, distinct periodic patterns were revealed in the unstained
collagen fibrils obtained from all four different hydrogels (Figure 4.2B1–B4) under the observation of
TEM, indicating that minerals were successfully deposited within the gap zone of the collagen fibrils,
reproducing the D-banding patterns similar to those normally observed in natural bone [115]. These results
demonstrated that the intrafibrillar mineralization process of collagen fibrils was not notably interfered by
the incorporation of Fe/Mn.
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Figure 4.2. Photographs (A1–A4) of collagen-hydroxyapatite (Col-HA) hydrogels with or without Fe/Mn
incorporation; TEM images (B1–-B4) of unstained collagen fibers obtained from the corresponding
hydrogels. The inset in A1 shows the typical photograph of hydrogel after self-compression.
With the hydrogels being lyophilized, the morphologies of five different scaffolds were observed
using both SEM and TEM (Figure 4.3). As shown in Figure 4.3A1–A5, the Col-HA-cellular scaffold
exhibited a porous surface while the other four lamellar scaffolds displayed a relatively denser structure
composing of multiple, interwoven long mineralized collagen fibers. Meanwhile, EDS suggested that the
replacement percentage of Ca by Fe was 10.8 ± 0.4 wt% and 7.1 ± 0.4 wt% in the Col-FeHA and ColFeMnHA scaffolds, respectively. While the replacement percentage of Ca by Mn was 8.8 ± 1.5 wt% and
6.0 ± 0.1 wt% in the Col-MnHA and Col-FeMnHA scaffolds, respectively. As seen from the SEM image
at a high magnification (inset in Figure 4.3A5), D-banding patterns are clearly observable. These patterns
were rather obvious in the TEM images (Figure 4.3C1–C5), further confirming that the substitution of
Fe/Mn did not influence the intrafibrillar mineralization process of collagen fibers. It is worth noting from
the TEM images that the darker electronic density within the collagen fibers in the last three groups (Mn
and/or Fe incorporated, Figure 4.3C3–C5) compared to the first two groups (pure HA, Figure 4.3C1–C2)
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might be attributed to the incorporation of Mn or/and Fe as the atomic number of both Mn and Fe are larger
than Ca. As shown in Figure 4.3B1–B5, the cellular scaffold retained a porous structure at the cross-section
(Figure 4.3B1). While all four lamellar scaffolds exhibit a hierarchical lamellar structure from the macroto the micro- structure level across the entire cross-section. Observing at a high magnification (inset in
Figure 4.3B5), each lamella was constituted of multiple well-stacked lamellae with a thickness of a few
hundred nanometers.
The phase compositions of various scaffolds were analyzed using XRD. As shown in Figure 4.4A,
in addition to the broad diffraction peak at about 20 ° from all samples attributed to collagen, a lower angle
shift was observed on the apatite characteristic peaks from the Fe-bearing groups, suggesting that iron
existed in Fe3+ state in the apatite lattices [70], which is probably due to the occurrence of oxidation during
collagen polymerization process resulting in partial transition of Fe2+ to Fe3+. However, the incorporation
of Mn did not result in peak shift of apatite, which is in agreement with previous reports [39, 116]. Figure
4.4B shows the FTIR spectra obtained from various scaffolds. No obvious difference was detected among
samples. Specific peaks corresponding to Amide I, II, and III bands of collagen and bending or stretching
modes of P-O and carbonate from carbonated apatite were all detected from all five scaffolds. The XRD
patterns and FTIR spectra suggested that the scaffolds exhibited a composite phase constituted of
amorphous collagen and poorly crystalline carbonated apatite resembling the biological apatite in bone
[73]. Meanwhile, TGA was used to reveal the mineral content in the five different scaffolds. As shown in
Figure 4.4E, the initial ~10 wt% weight loss was attributed to the evaporation of physically absorbed water
for all samples, while the weight loss occurred between 150–600℃ corresponded to the decomposition of
collagen molecules, yielding a ~20–30 wt% residual that reflects the apatite content in each scaffold.
Specifically, the Col-HA-lamellar scaffold contained the highest amount of mineral (~33 wt%), while the
addition of Fe and Mn decreased the mineral content. This is probably due to the fact that the incorporation
of these ions inhibited the nucleation of hydroxyapatite as reported previously [117, 118].
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Figure 4.3. Surface (A1–A5) and cross-sectional (B1–B5) SEM morphologies, and TEM (C1–C5) images
of various scaffolds after freeze-drying. The insets in A5, B5, and C5 show the corresponding high
magnification images of the area of interested marked with red boxes.
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Figure 4.4. XRD (A), FTIR (B), Fe (C) and Mn (D) ion release profiles (immersed in cell cultural medium
for 3 weeks), and TGA (E) of various scaffolds.
The ion release profiles in Figures 4.4C and 4.4D stand for the average rate of Fe2+ and Mn2+
released from corresponding scaffolds at each time point. In addition to a burst release within first three
days, all the ion-bearing scaffolds demonstrated a sustained slow release profile. By measuring the raw
concentrations of ions within each scaffold, it was found that ~53 wt% and ~46 wt% of Fe2+ was released
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from the Col-FeHA-lamellar and Col-FeMnHA-lamellar scaffolds, respectively, within 3 weeks, while ~68
wt% and 96 wt% Mn2+ was released from the Col-MnHA-lamellar and Col-FeMnHA-lamellar scaffolds,
respectively, within the same period of time. According to the Irving-Williams series, the complexes formed
by Fe is more stable than those formed by Mn [119]. Therefore, Mn2+ is expected to release faster than Fe2+.
It is also noted that the Fe2+ release rate was decelerated (from 53% to 46%) while Mn2+ release accelerated
(from 68% to 96%) in the dual elements loaded group compared to the groups incorporated with only Fe
or Mn. Micro-galvanic effect between Fe and Mn is a reasonable explanation for the observation. Since the
standard electrode potential of Mn (E°Mn = –2.37) is remarkably lower than that of Fe (E°Fe = –0.44), microgalvanic couples are expected to be formed between the two elements in an aqueous solution with Mn
serves as the anode and Fe as the cathode, resulting in an accelerated release rate of Mn2+ ions with the
occurrence of anodic reaction according to the principle of corrosion electro-chemistry [120]. In the
meantime, the cathode Fe was protected and therefore giving rise to a relatively slow release.
4.3.3 In vitro evaluation of the biocompatibility with MC3T3 osteoblasts.
MC3T3 cells were cultured within various scaffolds to investigate the biocompatibility of these scaffolds.
Figure 4.5A shows the cell proliferation results determined by alamarBlue assay. All samples exhibited a
positive proliferation versus culture duration, indicating that all five scaffolds are biocompatible without
inducing any obvious toxicity. This was further confirmed by observing the cell adhesion through SEM. As
displayed in Figure 4.5B, well-extended cells with both lamellipodia and filopodia are seen from all
scaffolds. However, as compared to the Col-HA-cellular scaffold, elevated osteoblast proliferation and
adhesion were observed for all four kinds of lamellar scaffolds. The promotion effect was further improved
with the incorporation of Fe and Mn (Figure 4.5A). Moreover, the cells attached on the last three groups
showed more pseudopodia in comparison to the Col-HA-based scaffolds without the incorporation of
Fe/Mn. After the cells being cultured for 7 days, clear cell biofilms were seen on the Fe/Mn-containing
scaffolds, but they were not observed in either the Col-HA-cellular or the Col-HA-lamellar scaffolds
(Figure 4.5B).
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Figure 4.5. MC3T3 cell viability (A) of various scaffolds evaluated using the alamarBlue assay and MC3T3
cell adhesion (B) that seeded on various scaffolds for 1 and 7 days. Red arrows refer pseudopodia of the
cells.
4.3.4 In vitro evaluation of osteogenic differentiation with fluorescent multi-reporter mice bone
marrow mesenchymal stem cells (BMSCs)
To compare the osteogenic differentiation capability of the five Col-HA-based scaffolds, BMSCs cultured
from mice carrying the fluorescent reporter BSP-eGFP) and DMP-mCherry were seeded within various
scaffolds and cultured in osteogenic medium for up to 21 days. These two reporters represent the osteoblasts
(BSP) and osteocytes (DMP) lineages, respectively [110]. The in situ fluorescent images at days 7, 14, and
21 are shown in Figure 4.6A. The intensity of fluorescent reporters increased with the culture duration.
Although the overall fluorescent signal was very weak at day 7, both BSP and DMP-1 fluorescence started
to turn on for all samples as displaced in the magnified images. The fluorescence intensity for both BSP
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and DMP-1 increased dramatically at days 14 and 21, demonstrating the seeded BMSCs differentiated
successfully into osteogenic lineages for all five scaffold groups. Moreover, compared to the BMSCs
cultured within the cellular scaffold that contains only individual cells or small cell clusters, cell biofilms
with strong fluorescence were observed on the lamellar scaffolds on days 14 and 21. It is also noted from
Figure 4.6A that the fluorescence intensities detected from the Fe/Mn-containing groups are notably
stronger than those from the Col-HA-cellular and Col-HA-lamellar scaffolds on days 14 and 21, suggesting
improved osteogenecity of the Fe/Mn-containing scaffolds. To quantify the BSP and DMP-1 fluorescent
reporter expressed from the different scaffolds, BMSCs cultured within the materials were subjected to
FACS analysis. Since the mineral content was too high in the BMSCs cultured for 21 days, it is hard to
detach the cells from the scaffolds without disrupting the fluorescent proteins. As a result, only cells
cultured on days 3, 7, and 14 were subjected to FACS and the results are shown in Figure 4.6B.
Representative images obtained from the FACS analysis showing the fluorescence signal distributions at
different time points (Figure 4.6B) and for the five different samples are shown in Figure 4.7. As a relative
early marker of osteogenic differentiation, BSP is expected to be expressed earlier than DMP-1, which is a
relative late stage indicator of osteogenic differentiation. Consequently, the percentage of GFP positive
cells (quadrant 1 (Q1) in Figure 4.7) increased in the first week of harvesting and showed a peak value at
day 7 while decreased at day 14 for all samples. Meanwhile, the percentage of both GFP and RFP positive
cells increased over culture duration (Q2 in Figure 4.7), indicating that more and more BMSCs intended
to express DMP-1. The dynamic shift of the fluorescent makers from GFP to RFP is an evidence of the
BMSCs differentiation from the initial preosteoblast stage to mature osteoblast cells, and eventually become
osteocyte (RFP alone). It is also noted that the overall percentage of positive signals (the sum percentage
of RFP positive (Q1), GFP+RFP positive (Q2) and RFP positive percentages (Q4)) exhibited an increasing
course over culture duration (Figure 4.8). Moreover, the overall positive fluorescence on the Fe/Mncontaining groups were significantly larger than those on the Col-HA scaffolds at all investigated days,
indicating that the incorporation of Fe and/or Mn had effectively accelerated the expression of both BSP
and DMP1 of the BMSCs.
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Figure 4.6. The in situ fluorescent images of cells cultured within various scaffolds for 7, 14, and 21 days
observed by fluorescent microscopy at 10 X (A), and osteogenic differentiation of transgenic BMSCs with
fluorescent multi-reporters cultured within different scaffolds for 3, 7, and 14 days evaluated by FACS (B).
BSP-eGFP indicates bone sialoprotein in green fluorescent protein and was imaged by eGFP filter; DMPmCherry indicates detin matrix protein 1 in red fluorescent protein and was detected by mCherry filter.
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Figure 4.7. Representative images of fluorescent events distributions obtained from FACS analysis. Events
were defined as positive when the fluorescent intensity is above 103. In the quadrantal figures, Q1, Q2, Q3
and Q4 represent GFP positive, GFP and RFP double positive, GFP and RFP double negative, and RFP
positive signals, respectively.

Figure 4.8. Total positive fluorescence detected by FACS analysis. Total positive fluorescence percentage
was calculated by summing GFP positive, GFP+RFP positive and RFP positive percentages (Q1+Q2+Q4
in Figure 4.7).
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Figure 4.9. Osteogenic-related gene expressions of transgenic BMSCs cultured within various scaffolds
for 7, 14, and 21 days via qRT-PCR. Fold change was expressed relative to mRNA at day 2.
To further evaluate the structural and compositional effects of Col-HA-based scaffolds on
osteogenic differentiation of cultured BMSCs, osteogenic lineage marker gene expressions were evaluated.
The expression of collagen type I (Col1), osteoprotegerin (OPG), transcription factor Sp7 (Osterix) and
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Phex showed a peak value at day 14 (Figure 4.9). While as relative late-stage osteogenesis markers, the
expression of bone gamma-carboxyglutamic acid-containing protein 1 (Bglap1) and DMP1 obtained a
summit at day 21. Notably, the expression of all genes in the lamellar scaffolds was significantly
upregulated compared to the Col-HA-cellular group, and most gene expressions were further promoted
with the incorporation of Fe/Mn. It is also noted that the gene expression level of the Col-FeMnHA-lamellar
scaffold is comparable to or higher than that of Col-FeHA-lamellar and Col-MnHA-lamellar groups for
early- or mid-stage differentiation markers. With two exceptions, the gene expressions of Bglap1 and
DMP1 are lower for the Col-FeMnHA-lamellar compared to the groups with the incorporation of Fe or Mn
alone. This is probably because the BMSCs cultured on the Col-FeMnHA-lamellar scaffolds secreted
denser minerals at D21 (Figure 4.6A) and were more difficult to be lysed by TRIzol. Therefore, nonnegligible number of cells expressing the late stage osteogenic markers were lost during the cell lysis and
RNA extraction process, leading to a reduced gene expression of Bglap1 and DMP1 from the ColFeMnHA-lamellar scaffold.
Osterix has been shown to be sufficient to active osteocalcin (OCN) and Col1 genes and therefore
promote osteogenesis [121]. In the meantime, Col1 is the major matrix protein produced by osteoblasts; the
enhanced expression of both Osterix and Col1 demonstrated a great capability of providing structural
protein for subsequent mineral deposition of the Fe/Mn-containing scaffolds [98, 122]. More importantly,
the elevated expression of OPG provided a microenvironment that inhibits osteoclastogenesis and bone
resorption [123]. Moreover, the upregulation of Phex and DMP1, which are two important bone proteins
related to osteocytes [124, 125], provided solid evidence of osteogenesis maturation in the presence of
Fe/Mn in the Col-HA-lamellar scaffolds. The enhanced gene expression of the Bglap1, encoding OCN, a
secreted protein produced by mature osteoblast [124], also indicated the promotional effect on the
osteogenic differentiation of BMSCs induced by the incorporated ions.
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Figure 4.10. Histological staining of various scaffolds at cross-sections cultured with BMSCs for 21 days.
VK-BF refers to von Kossa staining to show calcium mineral deposition and was imaged in bright field
(the white circles were from air bubbles); AP-Cy5 refers to Vector Blue staining to show ALP deposition
and was imaged with Cy5 filter; Nuclei-DAPI refers to DAPI staining to show cell nuclei and was imaged
with DAPI filter.
To visualize the GFP and RFP fluorescent reporter cells on or those embedded within the Col-HAbased scaffolds, the scaffolds loaded with BMSCs were fixed after 21 days of in vitro differentiation,
embedded, and sectioned, and they were then subjected to fluorescence-based cryo-histological analysis.
Vector Blue and von Kossa staining were applied to the sections to assess alkaline phosphate (ALP) and
calcium mineral deposition, respectively. As shown in Figure 4.10, all samples displayed notably positive
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stain of calcium nodules across the whole cross-sections. However, only a small portion of the Col-HAcellular group exhibited clear ALP deposition. In comparison, obvious ALP staining was observed across
the whole cross-section in the four lamellar groups. Moreover, in the magnified images, more BSP and
DMP1 expressing cells with stronger fluorescence intensities were seen on the Fe/Mn-bearing groups,
especially on the Col-FeMnHA-lamellar scaffold, compared to both the Col-HA-cellular and Col-HAlamellar scaffolds. This is also an evidence indicating denser mineral secretion of BMSCs seeded within
the Col-FeMnHA-lamellar scaffolds. Interestingly, in the merged images, cells were segregated into four
different groups, including fluorescence negative, undifferentiated (blue, DAPI nuclei staining only), green
fluorescence only, early differentiated (green, BSP positive), green and red fluorescence double positive,
mid differentiated (yellow; BSP and DMP1 dual positive), and red fluorescence only, mature differentiated
cells (red; DMP1 positive), corresponding to the results obtained from FACS analysis.
4.3.5 In vivo evaluation of bone regeneration ability with mouse calvarial defect model
Scaffolds loaded with BMSCs have been widely accepted to facilitate bone regeneration in several in vivo
defect models [126-128]. However, according to the Food and Drug Administration (FDA) guidance
regarding Human Cells, Tissues, and Cellular and Tissue-Based Products (HCT/Ps), BMSCs that extracted
from bone marrows and experienced cell selection and repopulation would be considered more than
minimum manipulation because the relevant biological characteristics of cells or tissues would be altered
and therefore meet the definition of HCT/Ps and are subjected to further regulations and restrictions [129,
130]. On the contrary, fresh bone marrow cells, extracted directly from donors without in vitro culturing
and expanding for homologous use, are not considered HCT/Ps and therefore are more likely to be used in
clinical applications. In this study, to evaluate the bone regenerating ability of the Col-HA-based scaffolds
in vivo, scaffolds seeded with fresh bone marrow cells were implanted in mouse calvarial defects for 8
weeks. Specifically, to track if the donor cells contribute to new bone regeneration, fresh bone marrow
nucleated cells harvested from mice carrying the transgene of rat collagen gene promotor (3.6kb) driven
cyan fluorescent protein were used as donor cells. The red blood cells in the bone marrow aspirate were
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partially removed by brief centrifugation. Meanwhile, a commercially available cellular Col-HA scaffold,
Healos, was used in addition to the five experimental groups as a material control.

Figure 4.11. The representative digital (A1-F1) photographs, X-ray images (A2-F2) and corresponding
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histologic staining images (A3-F3) of various scaffolds loaded with fresh bone marrow cells and implanted
in mouse calvarial defects for 8 weeks. In the enlarged histology images, minerals (white) denotes as “Min”
for new bone formation; Alizarin (Red) denotes as “Aliz” for extracellular calcium deposition; ALP (pink)
denotes as “AP” to view ALP positive cells; tartrate-resistant acid phosphatase (TRAP, yellow) denotes as
“Trap” for osteoclast distributions; nuclei staining (blue) denotes as “DAPI” for nuclei of all live cells;
toluidine blue staining (light blue) denotes as “Tol Blue” for nuclei/ tissue matrix; the defect edges are
circled with green lines.
Figure 4.11 shows the digital photographs, X-ray images, and corresponding fluorescent histologic
staining images of mouse calvaria implanted with different scaffolds that loaded with fresh bone marrow
cells for 8 weeks. No obvious inflammatory reaction was found, and well-integrated soft tissues were
observed atop of the implanted scaffolds from all groups, indicating good in vivo biocompatibility of the
implanted Col-HA-based materials (Figure 4.11A1–F1). While from the representative X-ray images
(Figure 4.11A2–F2), it can be seen that both the area and the density (grey value) of newly regenerated
bone within the defect areas vary in different groups. The quantification results of the bone regeneration
ratio and the relative X-ray density of the newly formed bone, which are defined by the formulas listed in
the experimental section, for the groups implanted with different scaffolds were calculated based on the Xray images using ImageJ and are listed in Table 4.4. In particular, the greyscale within the defect areas
implanted with Col-HA-cellular and Healos scaffolds were different from those implanted with other four
lamellar scaffolds. With a lower X-ray density, the mineral-like structures observed in the defect areas
implanted with Col-HA-cellular and Healos scaffolds are more likely the unabsorbed apatite from the
materials themselves instead of newly regenerated bone. This was further verified by the histological
staining images (Figure 4.11A3 and F3) as hardly any matched mineral (white) and extracellular calcium
deposition (red) were observed in these two groups. The minerals within the defect implanted with Healos
are rather porous (Figure 4.11F3). In comparison, the tissues generated at the defects implanted with the
four lamellar scaffolds exhibited large sheet-like minerals covered with obvious extracellular calcium
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(Figure 4.11B3–E3). This is probably because that the lamellar structure of the scaffolds better facilitated
cell migration and nutrition transportation from the host to the scaffold compared to that of the cellular
scaffold. Moreover, it was manifested that the incorporation of Fe/Mn not only increased the bone
regeneration ratio, but also promoted the relative X-ray density to a level comparable to that of surrounding
calvaria (Table 4.4). Previous study has indicated that scaffolds loaded with fresh bone marrow cells did
not form bone in the defect, whereas the same scaffold loaded with BMSCs did form bone [131]. In our
study, clear newly regenerated bone tissues were observed in the defects implanted with the lamellar
scaffolds loaded with fresh bone marrow cells. These results collectively demonstrated excellent bone
regenerating capability of the lamellar scaffolds, especially when they are incorporated with Fe/Mn.
Table 4.4. Bone regeneration ratio and relative X-ray density of newly formed bone in various scaffolds
loaded with fresh bone marrow cells and implanted in a mouse calvarial defect for 8 weeks. The results
were measured using ImageJ software on the X-ray images and are presented with mean ± standard
deviation (SD).
Groups

Regeneration ratio

Relative X-ray density

Col-HA-cellular

NA

0.528 ± 0.052

Col-HA-lamellar

0.495 ± 0.008

0.798 ± 0.258

Col-FeHA-lamellar

0.542 ± 0.080

1.099 ± 0.154

Col-MnHA-lamellar

0.525 ± 0.164

1.068 ± 0.037

Col-FeMnHA-lamellar

0.606 ± 0.156

1.064 ± 0.077

NA

0.721 ± 0.027

Healos

Interestingly, no obvious donor cells (cyan) were observed on the newly formed bones in all
samples (data not shown) post-implantation for 8 weeks. This suggests that the loaded fresh bone marrow
nucleated cells did not directly contribute to new bone regeneration. However, based on our past experience
[132, 133]. donor cells play an important role in inducing host bone marrow cells migrating into the
scaffolds, and therefore accelerating new bone regeneration. It was also noted from histological staining
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images that there was significant accumulation of osteoclasts in the defect areas implanted with Fe/Mncontaining scaffolds (yellow, Figure 4.11C3–E3), where demonstrated both high regeneration ratio and
relative bone density. On one hand, osteoclast is believed to play an important role in the process of bone
remodeling and new bone regeneration to maintain bone homeostasis [134]. On the other hand, Fe was
reported to activate osteoclastic differentiation possibly through activation of marrow-derived macrophages
or upregulated transferrin receptor 1 (TfR1) protein [135, 136]; and Mn deficiency was also believed to
subsequently decrease osteoclast activities [137]. Therefore, in our case, the existence of Fe/Mn may be
beneficial to in vivo bone regeneration by partially triggering osteoclast activities.
As shown in Figures 4.3 and 4.4, the Col-HA-based scaffolds are composed of hierarchically
organized intrafibrillar mineralized collagen fibers with ~20–30 wt% poorly crystalline carbonated apatite
crystals that resembling the microstructure and composition of natural bone. As a result, the Col-HA-based
scaffolds overall indicated good in vitro and in vivo biocompatibility without inducing any obvious adverse
effect to the cells and mice. Moreover, the intrafibrillar mineralized Col-HA-based scaffolds were
constructed into cellular and lamellar structure using homogenous and unidirectional freeze-drying process.
Due to facilitated cell migration and nutrient/waste transportation, the Col-HA-based lamellar scaffolds
manifested better osteoblast adhesion and proliferation compared to the Col-HA-cellular scaffold as
evaluated by SEM observation and alamarBlue assay (Figure 4.5). The lamellar scaffolds also
demonstrated higher potential to induce osteogenic differentiation of BMSCs by accelerating BSP and
DMP1 expressions as verified by both the FACS analysis and in situ fluorescent microscopy imaging
(Figure 4.6), enhancing osteogenic specified gene expressions as evidenced by RT-qPCR (Figure 4.9), and
improving ALP depositions as observed via cryo-histology imaging (Figure 4.10). In addition, significant
more in vivo new bone regeneration was observed through X-ray imaging and histological staining in the
lamellar scaffolds over cellular scaffold (Figure 4.11). More importantly, both the in vitro osteogenic
differentiation ability and in vivo new bone regeneration capability of the lamellar scaffold were further
enhanced with the addition of essential elements, such as Fe and/or Mn. Fe and Mn are considered key
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nutrients necessary for integrity of skeleton of animals and human. In particular, Fe is believed to stimulate
the synthesis of bone matrix through activation of lysyl hydroxylase and support bone mineralization at the
presence of vitamin D [138]. Meanwhile, Mn was also experimentally verified to promote osteochondral
regeneration by activating HIF pathway [98]. Therefore, bone regeneration capability of the Col-HA-based
lamellar scaffolds is expected to be improved as the incorporated Fe/Mn ions gradually released from the
materials with the dissolution of collagen and hydroxyapatite (Figure 4.4C and D). Interestingly, a
synergistic effect was observed on the osteogenic differentiation of BMSCs and new bone regeneration
between Fe and Mn. The Col-FeMnHA groups exhibited comparable or even better in vitro osteogenic
differentiation and in vivo new bone regeneration than the Col-FeHA-lamellar or Col-MnHA-lamellar
scaffolds. As discussed above, due to a micro-galvanic effect between the incorporated Mn and Fe, the
release rate of Mn was significantly accelerated while that of Fe was decelerated when the two elements
co-existed in the material. During this process, the anodic and cathodic reactions took place according to
Equation (4.1) and (4.2) when acidic extracellular species are involved in cell adhesion [139], respectively:
𝑀𝑛 → 𝑀𝑛<= + 2𝑒 A
2𝐻= + 2𝑒 A → 𝐻<

(4.1)
(pH < 7)

(4.2)

Since protons (H+) are widely accepted to induce bone resorption [140], the consumption of protons (H+)
in cathode would result in a better bone integration [141, 142]. Therefore, combining the advantages of
continually released Fe and Mn ions, the Col-FeMnHA-lamellar scaffold exhibited the best in vitro and in
vivo osteointegration.

4.4 Conclusions
Intrafibrillar mineralized collagen-hydroxyapatite-based scaffolds with either cellular or lamellar structures
were fabricated through a one-step biomineralization process with the help of synthetic analogs of NCPs.
Compared to the cellular scaffolds, the lamellar structure exhibited unique advantages on the in vitro
osteogenesis of BMSCs and in vivo new bone regeneration. In the meantime, Fe and Mn were successfully
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incorporated into the lamellar scaffold to further enhance the osteoinductivity. As a result, the lamellar
scaffolds loaded with Fe/Mn manifested enhanced adhesion and proliferation of osteoblasts, promoted BSP,
DMP1 expressions and ALP activity, and increased osteogenic-specific gene expression of BMSCs in in
vitro osteogenic culture, and much better in vivo bone regenerating capability when loaded with fresh bone
marrow cells as compared to both the cellular and lamellar scaffolds without Fe/Mn or even Healos, a
commercial Col-HA-based cellular scaffold. More importantly, the co-existence of Fe and Mn in the
material triggered a micro-galvanic effect that influenced the release profile of ions and consumption of
photons, and therefore resulted in a synergistic effect on the osteointegration of the Col-HA-based scaffolds.
These results suggested that the Fe/Mn incorporated intrafibrillar mineralized Col-HA-based lamellar
scaffolds are highly osteogenic, which offers a simple but reliable grafting material for bone regeneration.

75

5. Preparation and 3D characterization of Col-HA biomimetic coatings for orthopedic
implants
5.1 Introduction
On one hand, the bonding strength between coatings and substrates is critical to the reliability of implants
[143]. On the other hand, the interaction between cells and surface features of materials is essential to
investigate how material topographies regulate the fate of cells [144]. It is imperative to thoroughly study
the cross-sectional microstructures across the cell, coating and substrate. However, most of the crosssectional details of interfaces cannot be preserved with the traditional mounting and polishing method [39,
43]. Taking great advantages of focused ion beam (FIB), a unique technique to remove materials from
specific areas of sample without inducing significant beam damage, the cross-sectional TEM images
revealing the nanoscale microstructures of both the HA and Col-HA coatings were achieved very recently
[67, 145]. Moreover, FIB showed great potential to create accurate three-dimensional (3D) reconstructions
on bulk materials, coatings, or material-tissue/implant interfaces, obtaining the underlying organizations of
these objectives to facilitate property analysis [146-149]. However, to the best of our knowledge, there is
no report describing the overall picture of the cross-sectional details in 3D and exploring the underlying
relationships between the microstructures and their mechanical behaviors and biocompatibilities of the HA
and Col-HA coatings.
In the present study, porous HA and Col-HA composite coatings have been successfully deposited
on Ti-6Al-4V substrate through a biomimetic process. Their 3D porosity characteristics were determined
using a combination of the dual-beam FIB and the Avizo software. Moreover, the mechanical properties
and cell viability of these coatings were investigated, and their relationship related to their 3D porosity
distributions was also proposed.

5.2 Materials and experiments
5.2.1 Materials
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Sodium chloride (NaCl; > 99%) and potassium phosphate dibasic trihydrate (K2HPO4·3H2O; > 99%) were
purchased from Acros Organics. Sodium bicarbonate (NaHCO3; > 99%) and sulfuric acid (H2SO4; 95-98%)
were purchased from Sigma-Aldrich. Calcium chloride anhydrous (CaCl2; > 99%), magnesium chloride
hexahydrate (MgCl2·6H2O; > 99%), sodium hydroxide (NaOH; 1N), 4-(2-hydroxyethyl)-1piperazinneethanesulfonic acid (HEPES; > 99%), hydrochloric acid (HCl; 36.5-38%), and nitric acid
(HNO3; 69.2%) were purchased from Thermo Fisher Scientific. Type I collagen for Col-HA composite
coating preparation was extracted and purified from rat-tails based on the protocol reported by Rajan et al.
[64].
5.2.2 Preparation of biomimetic coatings
Table 5.1. Ion concentration (mM) of human blood plasma and m-SBF.
Ion

Human blood plasma (mM)

m-SBF (mM)

Na+

142.0

109.9

K+

5.0

6.2

Mg2+

1.5

1.5

Ca2+

2.5

7.9

Cl-

103.0

111.2

HCO3-

27.0

17.5

HPO42-

1.0

3.1

SO42-

0.5

0

Biomimetic HA and Col-HA coatings were deposited onto Ti-6Al-4V alloys in a collagen-free or a
collagen-containing modified simulated body fluid (m-SBF; Table 5.1) solution, respectively, according to
the protocols reported previously [67, 68]. Briefly, Ti-6Al-4V discs with a thickness of 2 mm and a diameter
of 15 mm were firstly sonicated with ethanol and de-ionized water (DIW). Then the discs were sandblasted
with 46 grit SiC particles for 30 s, followed by acid etching in a mild acid containing HCl and HNO3, and
a boiled concentrated acid consisting of HCl and H2SO4. After the SLA treatment, the Ti-6Al-4V discs were
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rinsed against DIW and exposed to an UV bulb for overnight. The pretreated Ti-6Al-4V discs were then
immediately immersed in an m-SBF solution with or without the addition of collagen (0.05 mg/mL) at 37
℃ for 24 h to produce biomimetic HA and Col-HA coatings, respectively. By the addition of NaOH,
HEPES and NaHCO3, the initial pH of the solutions for forming the HA and the Col-HA coatings were
adjusted to 6.60 and 6.75, respectively. Besides, 0.5 mol/L urea was added to the collagen-containing mSBF solution to retard the collagen polymerization process in order to obtain a coprecipitation when
preparing the Col-HA composite coatings [150, 151]. Such coated Ti-6Al-4V discs were then gently rinsed
against DIW and slowly dried in a humid environment for a week.
5.2.3 Characterizations of biomimetic coatings

Figure 5.1. Sequence of cross-sectional Col-HA coating preparation in GFIB: (A) surface view of HA
coating; (B) a Pt protective layer coated on the surface of HA coating; (C) a wedge was milled out along
with the Pt layer using RCS patter; (D) SEM image of cross-section after cleaning using CCS and Rec
patterns.
The surface morphologies of the Col-HA and HA coatings were observed using Thermo Fisher Teneo
LVSEM with an Everhart-Thornley detector (ETD) in the CAMMA. The milling and observation of the
cross-sections of the Col-HA and HA coatings were obtained using a Thermo Scientific™ Helios
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NanoLab™ 460F1 DualBeam™ (GFIB) in the CAMMA, and the images were taken with a through-lens
detector (TLD) or an ETD. During FIB milling processes, the coating surface was normal to the optic axis
of the ion column while at 38° to the electron column. To produce cross-sectional SEM views, an
operational sequence image is shown in Figure 5.1. Firstly, a rectangular platinum (Pt) layer with a length
of 20 μm, a width of 3 μm and a thickness of 2 μm was first coated at the area of interest on the surface of
coatings to protect the coatings from ion beam damage (Figure 5.1B). Then a stepped, wedge-shape trench
with a dimension of 20 x 10 x 5 μm3 was milled out using a regular cross-section (RCS) pattern with GFIB
along with the Pt protective layer, so that the microstructure could be observed on the vertical wedge wall
using the electron beam. After the wedge was milled, the vertical wedge wall was polished using an ion
beam at a reduced ion beam current to eliminate curtaining artefacts. Then two different pre-set milling
patterns, namely cleaning cross-section (CCS) pattern, and rectangle (Rec) pattern were used to further
increase the imaging quality (Figure 5.1C).
5.2.4 Serial sectioning using Auto Slice and View
A series of cross-sectional images were collected from both HA and Col-HA coatings using Auto Slice and
View G3 program in the GFIB. The ion beam voltages used in the Pt deposition and milling process were
set to 30 kV with a secondary electrons/ions detector (ICE). The electron beam voltage for imaging was set
to 3 kV with a TLD.
First, a cruciform fiducial pattern was created in a Pt protected area at 0.43 nA to function as a
reference position for subsequent automatic serial image collection (Figure 5.2). Second, a rectangular Pt
protective layer with a dimension of 8 x 8 μm2 and a thickness of 0.5 μm was then deposited in the area of
interest (AOI) adjacent to the fiducial pattern. Third, three stepped, wedge-shaped gullies were roughmilled out using regular cross-section (RCS) pattern at 0.25 nA (Figures 5.2B and 5.2C) so that a large box
with a width around 5 μm containing both the coating and the interface was ready for SEM imaging (Figure
5.2D). Fourth, the front wall (marked by red arrow in Figure 5.2D) of the vertical wedge was fine-polished
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using ion beam at a lower current of 80 pA with a series of RCS, CCS, and Rec patterns to reduce the
curtaining effects and other milling artefacts. Lastly, a cross-sectional image was taken using TLD at 0.4
nA in the SEM column. To collect the next image, a thin layer was roughly removed at 80 pA using RCS
pattern and further fine polished using RCS, CCS and Rec patterns. With the assistance of fiducial pattern,
the thickness of the removed thin layer was set at 20 nm for the HA coating and 50 nm for the Col-HA
coating. The whole imaging process was conducted with auto Y shift, auto contrast and brightness (ACB),
auto focus (AF), and auto alignment all enabled.

Figure 5.2. Steps of serial imaging collection using Auto Slice and View in GFIB: (A) ion beam (IB)
view of fiducial pattern; (B) ion beam and (C) electron beam (EB) views of fiducial pattern and AOI; (D)
EB view of AOI (Red arrow denotes the front wall of coating).
5.2.5 3D reconstruction using Amira-Avizo
The raw cross-sectional images collected from Auto Slice and View program in GFIB were cropped and
aligned. Then the individual pores were processed using threshold, watershed, and then masked, separated
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and labeled, and finally 3D reconstructed in the Avizo software. 3D visualization was used for segmenting
individual pores. Pore positions (x, y, z), volumes of each pore, and pore interconnectivity were then
determined using pore network models.
5.2.6 Pore volume analysis using RStudio

Figure 5.3. Illustration of directions of coordinate axis used in Avizo and RSudio.
Figure 5.3 shows the directions of coordinate axis used in the Avizo and RStudio analysis. The pore
positions (x, y, z) of individual pores extracted from Avizo were referred from XYZ-axis. However, to
obtain the pore distribution trend along with the distance from the coating surface or interface, it is
meaningful to normalize the y coordinates of each pore into the distance from coating surface or interface.
To do this, the pore positions (x, y, z) along with the X-axis were firstly divided evenly into 25 x 25 divisions
from the lowest to the highest x and z coordinates. The X divisions were denoted as Xi, where i = 1, 2, …,
25. Similarly, the Z divisions were denoted as Zj, where j = 1, 2, …, 25. In each XiZj, there is a minimum
y, demoting as yij,min, which was subtracted from the corresponding y coordinates where their x, z belong
to the same XiZj divisions to normalize the y values into y’. Consequently, y’ roughly indicates the distance
of pore positions from the coating surface. Then the pore positions of individual pores along with the Y-
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axis were evenly divided into 14 divisions from the lowest to the highest y’ values. The Y division were
denoted as Yk, where k = 1, 2, …, 14. As a result, Yk roughly reflects the position of a group of pores away
from the coating surface. Finally, the average pore volume and total pore volume in each Yk were calculated
to indicate the pore size and porosity distribution within each coating along with the distance of individual
pores away from the coating surface.
5.2.7 Bonding strength test using Instron
The adhesive strengths between the coatings and the alloy substrate were assessed based on ASTM C-633
with slight modifications [43]. Briefly, cylindrical stainless-steel fixtures with a diameter of 15 mm and a
length of 15 mm were used to connect the sample with the machine (Instron 5869) and the samples were
connected to the fixture through super-glue (Loctite). The super glue was allowed to cure for 30 min after
being applied between the sample and the stainless-steel fixture. A tensile test (n=4) was carried out with a
tensile load applied normal to the substrate at a crosshead speed of 1 mm/min until fracture. The
representative fracture surface of the specimens from each group was examined using LVSEM (Thermo
Fisher Scientific, USA) and energy dispersive spectroscopy (EDS; EDAX, USA) mapping.
5.2.8 In vitro cell responses
5.2.8.1 Cell culture
Mouse calvarial 3T3-E1 (MC3T3-E1, ATCC CRL-2593, USA) cells were used to examine the in vitro
cytocompatibility of both coatings. MC3T3-E1 cells were cultured in a flask (FALCON, USA) containing
10 mL cell culture medium (CCM) in a humidified incubator (NAPCO, USA) with 5% CO2 at 37 ℃. The
CCM mainly consists of α-minimum essential medium (α-MEM; Gibco, Invitrogen, Inc., USA) that
supplemented with 10% fetal bovine serum (FBS; Gibco, Invitrogen, Inc., USA) and 1% penicillin–
streptomycin (Gibco, Invitrogen, Inc., USA) [33]. Cells were cultured and sub-passaged when a 80–90%
confluence was reached.
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5.2.8.2 Cell viability and attachment
AlamarBlue assay was used to evaluate cell viability for cells seeded on the coatings (n = 4). The samples
were disinfected in 75% ethanol for 2 h with ethanol being refreshed every 30 min. After the samples being
transferred to 12-well plates, 2 x 104 cells were seeded in each well with 1.5 mL CCM. The cells were
cultured for 7 days with CCM refreshed every other day. After incubating for 1 day, cells that attached on
the samples were transferred to a new 12-well plate together with samples. Then 1 mL Phenol-red-free cell
culture medium containing 10% alamarBlue (Fisher Scientific, USA) was added into each well. After
culturing for another 4 h to allow the chromogenic reaction takes place, 100 μL of the culture solution was
transferred from each well to a 96-well plate to measure the absorbance at wavelengths of 570 nm and 600
nm by a mircoplate reader (BioTek, USA). The samples were then rinsed with PBS twice to remove residue
alamarBlue, and 1.5 mL fresh CCM was added to each well and refreshed every other day to keep culturing.
After culturing for another 3 and 6 days, cell viabilities were measured per the same procedures described
above. Percentage reduction of alamarBlue was calculated according to the protocol provided by the
manufacturer.
5.2.8.3 Cell attachment and OTOTO process
To observe cell attachment using SEM, the cell-seeded samples were dehydrated and dried after fixation.
Briefly, cell-seeded samples were fixed with 2.5% glutaraldehyde solution (Gibco, Invitrogen, USA) at 4
℃ for overnight, followed by dehydrated in a series of ethanol solutions (30, 50, 75, 90, 95, and 100%
(v/v); 10 min each). The samples were finally dried against a series of hexamethyldisilizane (HMDS)
solutions diluted in ethanol (33, 50, 67, and 100% (v/v)) after the final dehydration [99].
To increase the resolution and contrast of the cell-attached samples to facilitate observation of the
interfaces between cells and coatings under FIB/SEM in nanoscale, an OTOTO process was introduced
before dehydration and drying [109, 152, 153]. Briefly, MC3T3 cells were seeded on different coatings for
1, 4, and 24 h and fixed with 2.5% glutaraldehyde solution. Samples with cells were rinsed 3 times against
0.2 M sodium cacodylate buffer for 10 min each and post-fixed in 1% osmium tetroxide for 1 h (O process).
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Then cells were stained in saturated thiocarbohydrazide for 30 min (T process). After being washed 3 times
in DIW for 10 min, cells were again stained in 1% osmium tetroxide for 1 h (O process) and saturated
thiocarbohydrazide for 30 min (T process). Samples were rinsed 3 times in DIW for 10 min and lastly
stained in 1% osmium tetroxide for 1 h (O process). Again, samples were washed 3 times in DIW for 10
min each before proceeding to dehydration and drying. Finally, the cell-attached samples were air dried and
observed via LVSEM in the CAMMA.
5.2.9 Statistical analysis
Statistically significant differences (p) between various groups were determined using one-way analysis
of variance (ANOVA) with a Tukey posttest by GraphPad Prism 5.

5.3 Results and discussion
5.3.1 Surface and cross-sectional morphologies

Figure 5.4. Surface (A/B) and cross-sectional (C/D) images of the HA (A/C) and Col-HA (B/D) coatings
coatings fabricated on Ti-6Al-4V substrate.
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Figures 5.4 shows the surface and cross-sectional images of HA and Col-HA coatings that deposited on
the Ti-6Al-4V substrate. As shown in Figures. 5.4A and B, both coatings demonstrated a porous structure
with a rough surface consisting of numerous spherical particles and globules. In the zoomed images, typical
worm-like grains were observed from both coatings, corresponding to the surface topography of HA
nanograins [154]. Compared to the HA coatings, the globule size of the HA grains of the Col-HA coating
on the Ti-6Al-4V substrates was significantly smaller. This is probably because the incorporation of
collagen increased the viscosity of m-SBF and therefore retarded the nucleation and growth of HA particles.
Figures 5.4C and D show the representative cross-sectional images of the HA and the Col-HA coatings.
As exhibited, both coatings demonstrated a gradient microstructure with a dense layer close to the interface
between the coating and the substrate, while a relative porous structure at the top surface.

Figure 5.5. XRD pattern and FTIR spectra of the HA and Col-HA coatings.
The phase compositions and surface functional groups of the coatings were determined by XRD
and FTIR, respectively. Typical HA characteristic peaks were observed from both coatings. While the broad
diffraction peaks of apatite at ~31.2-33.2°, which correspond to the overlap of (211), (112), (300), and (202)
planes (Figure. 5.5A) [155], demonstrated the poor crystallinity of apatite coatings. In addition, the
existence of typical P-O vibration at ~1022 cm-1 (stretching mode) and ~560 cm-1 (bending mode) from
FTIR (Figure. 5.5B) suggested the formation of apatite [70]. The peaks at 1400-1530 cm-1 and 875 cm-1
are associated with the O-C-O stretching mode, further indicating the formation of carbonate apatite, while
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the band at 1649 cm-1 from the Col-HA coating denoting the major characteristic peak of amide I is an
evidence of successful incorporation of collagen. To determine the Ca/P ratio within the coatings, HA and
Col-HA coatings were scratched from the Ti-6Al-4V substrate and dissolved into diluted HNO3 solution to
examine the Ca and P content using ICP-OES. It was found that the molar ratio of Ca/P within the HA
coating was 1.63 ± 0.05, which is close to the stoichiometric ratio of Ca/P in HA (1.67). In contrast, the
molar ratio of Ca/P within the Col-HA coating increased to 1.88 ± 0.07, suggesting that the HA formed on
the Col-HA coating comprises more calcium oxide (CaO) than tricalcium phosphate (TCP) [156]. This is
probably because the collagen molecules are positively charged when the pH of the solution is below its
isoelectric point (8.26) and therefore attract some of PO43-, formatting a calcium-rich calcium phosphate
[157, 158].
5.3.2 3D reconstruction and coating formation mechanisms

Figure 5.6. Labeled 2D slices and 3D reconstructions of individual pore distributions processed from
Avizo of the HA and Col-HA coatings.
To have a close observation of the interface of these coatings, which is one of the most key factors that
determine the quality of surface modification, it is important to obtain a 3D view of the cross-sectional
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microstructures. In addition, local and global liquid transport properties, such as drug loading and drug
delivery properties, closely correlated with the morphology of porous materials [159]. Therefore, a series
of cross-sectional images exhibit pore distributions were taken through the Auto Slice and View program
using FIB-SEM with a predetermined voxel size. The obtained images were then cropped and aligned in
the Avizo software, followed by a series of image processing such as Gaussian threshold and watershed.
Then the individual pores within the coatings were masked, separated, and labeled. Based on the positions
(x, y, z coordinates) and shapes of the individual pores extracted in each slice, 3D reconstructions of the
pore distributions within both coatings were established. Animations showing the workflow and final 3D
reconstructions processed from Avizo of HA and Col-HA coatings can be seen in supplementary Videos
5.1 and 5.2, respectively. Screenshots of the labeled 2D slices and 3D reconstructions denoting individual
pores in different colors are shown in Figure. 5.6. Clearly, the original individual pores observed from the
SEM detector shown in the 2D view, suggesting that reasonable selections of the models and parameters
were made during imaging processing and data analysis in Avizo. For both coatings, the 3D reconstructed
images and videos demonstrate that pores within the entire coatings exhibit a gradient distribution with
smaller pores towards the interface while larger pores at the coating surface. A relatively thicker dense layer
with small cracks was also found adjacent to the substrate from the Col-HA coating compared to the pure
HA coating.
Given that both coatings exhibit a gradient structure from the interface towards the surface, it can
be proposed that coatings form slowly at a lower initial pH for both cases at an initial stage of reaction,
leading to a dense coating layer adjacent to the interface [160]; while with more and more HCO3decomposed that brought up the pH of the solution, faster HA deposition is expected [145, 160], resulting
in a porous coating at the surface. Moreover, it was found that the Col-HA coating exhibits a less porous
and a less obvious gradient microstructure compared to that of the HA coating. This is probably because
the polymerization of collagen molecules occurred simultaneously with HA nucleation [18, 32]. The
collagen molecules penetrated into the coating when HA nucleates, and therefore filled some of the pores
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in the coating, forming a relatively thicker dense layer adjacent to the substrate compared to the pure HA
coating (Figure 5.6) [67]. In addition, the average thickness of the HA coating is around 1.5-2.5 μm, while
that of Col-HA is around 1-1.5 μm. It was reported that apatite coating only forms when the pH of the mSBF solution falls into an appropriate narrow range [161]. During the coating formation process, the
addition of NaHCO3 brought up the pH while the nucleation of HA lowered the pH. The counteracting
effect of these two chemical reactions closely controlled the pH of the coating solution [162]. However, the
hydrolysis of urea in the solution for Col-HA coating significantly slowed down the pH dropping [43],
breaking down the pH balance to a certain degree. Therefore, a thinner Col-HA coating was formed
compared to the pure HA coating. This could also be the reason for leading to the formation of small cracks
at the Col-HA coating-substrate interface.
5.3.3 Pore size distributions

Figure 5.7. Average individual pore volume (A) and total pore volume (B) along with the distance away
from the interfaces of the HA and the Col-HA coatings.
The bonding strength between a coating and substrate and the transport properties of a coating are highly
affected by its pore distribution within the coating. To be specific, it is important to distinguish the open
pore distribution from the closed pores within a biomaterial, because the open pores are usually considered
to be effective for nutrient transportation and cell survival/growth. However, unlike tissue engineering
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scaffolds that high interconnectivity of pores is required for bone ingrowth (bone growing inside a porous
material), a bioactive coating is normally served as an osteoconductive layer for bone ongrowth (bone
growing onto a roughened surface) [163]. Hydroxyapatite was reported to be able to promote mineralized
bone growth onto the coatings [164]. Both the open and the closed pores within coatings will be
osteoconductive and promote bone ongrowth. As such, in our case, both open pores and closed pores within
the coatings will be considered as effective pores to promote bone integration as a hard tissue implant. To
quantify the size distribution of the pores (including both the open pores and the closed pores) within both
coatings, the volume of every individual pores along with their positions in the 3D coating space was
extracted from Avizo. Then the y coordinate was converted into the distance of eachpore away from the
coating surface, y’, via RStudio. The average and total pore volume of a group of pores within a small range
of y’ were calculated and the results are shown in Figure 5.7. As visualized in the 3D reconstructed videos
(see supplementary Videos 5.1 and 5.2), the average pore volume became larger towards to the surface for
both coatings. Similarly, the total pore volume of the HA coating also exhibited an increasing trend from
the interface towards the coating surface. It is to be noted that for the Col-HA coating, extremely larger
singular pores were observed adjacent to the interface owing to cracks formed during the coating formation
and drying processes. However, the total pore volume of the Col-HA coating adjacent to the interface didn’t
demonstrate a sharp increase. This is because the total number of pores within this y’ range is super small.
The low total pore volume at the interface indicates that cracks only exist in a very small area of the
interface. As such, a reasonable overall bonding strength between the coating and the substrate is expected.
5.3.4 Mechanical properties
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Figure 5.8. Bonding strength of the HA and Col-HA coatings to Ti-6Al-4V substrate.

Figure 5.9. SEM images of fracture surfaces observed from both the substrate and the fixture sides of
both coatings after Instron testing. Red arrows denote typical apatite morphology, while black arrows
indicate typical Ti surface after SLA treatment.
The bonding strength between the bioactive coating and the substrate is an essential parameter that
determines the long-term stability of the implant. Therefore, the adhesive strengths of both the HA and the
Col-HA coatings to Ti-6Al-4V substrate were obtained from mechanical tests on a traditional Instron
machine. It was found that the adhesive strengths between the coatings and substrate were 15.8 ± 5.0 and
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5.8 ± 2.3 MPa for the HA and Col-HA coatings, respectively (Figure 5.8). To understand the underlying
fracture mechanism of both coatings during the Instron test, SEM images of the fractured surface of the
coatings from both the fixture and the substrate sides were taken and shown in Figure 5.9. For both
coatings, the fixture side consisted predominantly of apatite, while there are rather large patches of apatite
remaining on the substrate side, suggesting that cohesive failure happened within the coatings during the
tensile testing. Moreover, typical SLA treated Ti morphologies could also be seen from the substrate side,
indicating that adhesive failure also occurred besides cohesive failure. The phenomenon was further
confirmed by EDS mapping as shown in Figure 5.10. From the substrate side, Ca and P signals from both
the HA and the Col-HA coatings and Ti and Al signals from the Ti-6Al-4V substrate were detected. These
results suggest that the real adhesive bonding strength of both coatings to the Ti-6Al-4V substrate should
be higher than the values (Figure 5.8) obtained from the tensile testing where mixed adhesive-cohesive
failures happened.

Figure 5.10. EDS mapping of the fracture surface detected from the substrate side after Instron testing for
both the HA and the Col-HA coatings.
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Although the obtained fracture values of both coatings were claimed to be strong enough for
surgical handling [43], it is to be noted that the bonding strength of the HA coating is around three times as
high as that of Col-HA coating (Figure 5.8). As mentioned above, a mixed adhesive-cohesive failure
resulted in the fracture of the coating for both coating types. In general, adhesive fracture is closely related
to the pores distributed at the interfaces, while the pores within the coatings contributed more to the cohesive
failure. As seen from Figure 5.7, the total pore volume distributions at the coating interfaces (distance <
300 nm) had no obvious difference between the HA and the Col-HA coatings and both exhibited a similar
gradient trend toward the surfaces (Figure 5.7B). However, the average pore distribution at the interfaces
exhibited significant distinction between the two coatings. The average pore volume at the interface in the
Col-HA coating is approximately six times as high as that in the HA coating (Figure 5.7A). Obviously,
cracks were initiated at large pores at the interface between the Col-HA coating and the alloy substrate upon
tensile loading, leading to an adhesive failure with crack propagation at a lower loading compared to that
of the HA coating. Therefore, we propose that the adhesive strength significantly decreases with the
incorporation of collagen is probably due to the presence of extremely large pores formed at the interface
of Col-HA, leading to easier crack initiation and propagation upon loading [165]. Nevertheless, the total
pore volumes only consist of a small part of the interface as calculated in the above section, the bonding
strength achieved for the Col-HA coating is still strong enough for surgical handing.
5.3.5 Biocompatibility
MC3T3 cells were seeded on both the HA and the Col-HA coatings to investigate the cytocompatibility of
these materials. Figure 5.11 shows cell proliferation results of both coatings determined by calculating the
percent reduction of alamarBlue. It was revealed that both coatings exhibit an increasing proliferation trend
within the 7 days culturing duration, suggesting that both the HA and Col-HA coatings favorably supported
the growth of MC3T3 cells without presenting any obvious toxicity. It is noted that the Col-HA coating
showed slightly higher cell proliferation rate compared to the HA coating on day 4 (p < 0.05), indicating
that the incorporation of collagen was favorable for MC3T3 proliferation, though no remarkable difference
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was found between the HA and the Col-HA coatings on day 7 (p > 0.05). As seen in Figure 5.12, clear cell
biofilms consisted of multiple cell layers were observed from both coatings after the osteoblasts being
cultured on these coatings for 7 days. These observations suggest that both the HA and the Col-HA have
good cytocompatibility to serve as a coating material on Ti-6Al-4V for hard tissue implant applications.

Figure 5.11. AlamarBlue reduction of MC3T3 cells cultured on the HA and Col-HA coatings for 1, 4 and
7 days (*, p < 0.05).

Figure 5.12. SEM images of MC3T3 cells seed on the HA (A) and the Col-HA (B) coatings for 7 days.
The insets show the cell morphology at a higher magnification.
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It was accepted that the quality of initial cell adhesion and spreading activities, which belong to the
first phase of cell-implant interaction, highly influences the capacity of cell proliferation and differentiation
later on [166, 167]. Therefore, the cytoskeletons of MC3T3 cells that cultured on the samples for 1, 4, and
24 h were fixed and stained using an OTOTO process to increase the contrast and resolution of cellsattached samples. Typical SEM images of the cells are displayed in Figure 5.13. At 1 h, round-like cells
were seen mostly from the HA coating (Figure 5.13A). On the contrary, the cells showed a relatively flat
morphology when seeded on the Col-HA coating for 1 h (Figure 5.13B), indicating that the cells on the
Col-HA coating started to spread and adhere earlier than that on the HA coating. This can be attributed to
the incorporation of collagen molecules in the composite coating that promoted the adhesion of osteoblasts
[168]. After 4 h of incubation, polygonal cells were clearly detected that they are closely adhered to and
spread on both coating surfaces (Figure 5.13C and D). When the cells were seeded on the samples for 24
h, obvious pseudopodium was observed from almost all cells on both coatings, suggesting the excellent
biocompatibility of these materials (Figure 5.13E and F). To have a closer observation on the cell-coating
interactions, cells that seeded on coatings for 4 h were further observed by FIB-SEM. As shown in Figure
5.14, cross-sectional views between the cells, coatings and substrates were revealed in great details. It was
found that the cells tightly attached to the porous coating surfaces without obvious gaps. Moreover, it can
be seen from the enlarged images in nanoscale that some cell pseudopodium directly penetrated into the
pores of the coatings (marked by red arrows in Figure 5.14C and F), providing a strong connection between
the cells and the materials.
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Figure 5.13. Surface SEM morphologies of MC3T3 cells seeded on the HA (A-C) and Col-HA (D-F)
coatings for 1 (A/D), 4 (B/E), and 24 h (C/F).

Figure 5.14. Tilted surface (A/D) and cross-sectional (B/C and E/F) images of MC3T3 cells seeded on
the HA (A-C) and Col-HA (D-F) coatings for 4 h obtained from FIB-SEM after OTOTO staining. Red
boxes indicate the FIB cut positions; red arrows show cells interact with porous surfaces of coatings.
Compared to titanium substrate and tissue culture plate that have a relatively smooth surface, the
hydroxyapatite coating with micro or nano surface topography is more favorable for cell adhesion,
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proliferation or even osteogenic differentiation [169-171]. As observed from Figure 5.4 and 5.6, both
coatings displayed significant number of large pores toward the coating surface. Consequently, both
coatings showed good biocompatibility with increased cell proliferation, excellent cell adhesion and intact
cell penetration (Figures 5.11-5.14). Moreover, it was found that the addition of collagen further promoted
the early adhesion, and proliferation of osteoblast. On one hand, this is because collagen itself is the main
structure protein in natural bone and possesses excellent osteoconductivity [172]. On the other hand, as
mentioned, the addition of collagen increased the Ca/P ratio of hydroxyapatite and resulted in a calciumrich hydroxyapatite, which is believed to improve the cell behaviors [173]. Overall, the porous surfaces
consisted of biocompatible hydroxyapatite and collagen molecules provided a better micro-environment
for osteoblast adhesion and proliferation and therefore enhanced the biocompatibility of the Ti-6Al-4V
substrate but in the sacrifice of bonding strength compared to pure HA coating. Though the coatings
fabricated are reliable for surgical handling as implant surfaces, a better balance between the mechanical
behavior and biocompatibility (addition of collagen molecules within the hydroxyapatite coatings) needs
to be established. Alternatively, a processing method to avoid large pore formation or reduce the average
pore size, rather than the total pore volume, at the coating interfaces, could also be effective for producing
bioactive coatings.

5.4 Conclusions
Porous HA and Col-HA composite coatings have been successfully deposited onto Ti-6Al-4V substrate
through a biomimetic process. A serial sectioning images were collected from both coatings using GFIB,
and their pore distributions were processed 3D reconstructed using Avizo. Combining the two techniques,
qualitative evaluation of pore distributions within the coatings were provided. By further analyzing the
porosity distribution along the coating depth, it was revealed that the adhesive strength is more associated
with the average pore volume, rather than the total pore volume, at the coating interfaces. Moreover, by
observing the cross-sectional characteristics of the cell-coating-substrate for both coatings, we found that
the large number of relatively big pores at the coating surfaces favored osteoblast adhesion and
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proliferation. The addition of collagen further increased the biocompatibility of hydroxyapatite coating but
with the sacrifice of mechanical properties.
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6. Conclusions and future work
6.1 Conclusions
The objective of this work is to develop various forms of collagen-hydroxyapatite-based composite
materials for different biomedical applications. In particular, Col-HA-based nanoworms have been
prepared as drug delivery carriers for tumor treatment; Col-HA-based scaffolds have been fabricated as
bone tissue engineering matrix for bone repair and regeneration; Col-HA composite bioactive coatings have
been deposited onto the surface of Ti6Al4V for better osteointegration of hard tissue replacement implants.
In the meantime, great effort has been made to reveal the mechanisms and relationships between the
composition and structure of the Col-HA composites and their specific properties and performances.
In Chapter 2, the collagen biomineralization mechanism was thoroughly investigated. In particular,
two novel carboxyl-rich brushlike polymers were used to replicate the sequestration function of NCPs and
therefore induce obvious intrafibrillar mineralization of collagen fibrils. More importantly, TGA data
showed that the mineral contents in the mineralized collagen fibrils produced in the presence of brushlike
polymers were significantly higher compared to that induced by linear PAA. By investigating the formation
of ACP nanoprecursors, detailed mineralization mechanisms in the presence of the carboxyl-enriched
brushlike polymers were proposed. An in-depth understanding of collagen biomeralization mechanism
provides a solid foundation for developing different collagen/mineral-based materials for a broad range of
applications such as bone, cartilage, or tendon.
As such, Col-HA-based NWs were firstly designed as drug carriers for tumor treatment. By
precisely controlling the collagen polymerization process, collagen NWs with various sizes were selfassembled. Then, the stiffness of the collagen NWs was improved by intrafibrillar mineralization and
therefore resulted in a much longer in vivo blood circulation. As a result, a gradual time-dependent organ
accumulation manner was observed within a five-days observation period. Moreover, as the DOX-loaded
Col-HA NWs were found to release drug much faster at a tumor pH than they do at a biological pH with
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the dissolution of collagen and hydroxyapatite in an acidic environment. Furthermore, a surface
modification with glycine was found to be able to reduce agglomeration of NWs and therefore decrease
lung accumulation and increase tumor accumulation. The current work collectively suggests that the ColHA nanoworms can be a promising drug delivery carrier for more efficient cancer treatment. However,
massive tumor accumulation of the NWs was not observed even at the presence of a magnetic NPs coating.
Better tumor accumulation is expected as a thicker iron oxide coating is applied in future studies.
Meanwhile, Col-HA-based scaffolds were developed for bone regeneration. In particular,
intrafibrillar mineralized Col-HA scaffolds with either a cellular or a lamellar microstructure were prepared
by controlling the biomeralization and freeze-drying processes. Compared to cellular scaffolds, lamellar
scaffolds demonstrated better in vitro osteogenesis of BMSCs and in vivo new bone regeneration. Based on
this, Fe and Mn were incorporated into the lamellar scaffold to further enhance the osteogenesis. As a result,
the Fe/Mn-loaded lamellar scaffolds exhibited enhanced adhesion and proliferation of osteoblasts,
promoted BSP, DMP1 expressions and ALP activities, and increased osteogenic-specific gene expression
of BMSCs in in vitro osteogenic culture, and much better in vivo bone regenerating capability compared to
both the cellular, lamellar, or even the Healos scaffold, a widely used commercial HA/collagen scaffold,
without Fe/Mn incorporation. More importantly, the dual incorporation of Fe and Mn triggered a microgalvanic effect that influenced the release profile of ions and consumption of photons, and therefore leaded
to a synergistic effect on the osteointegration of the Col-HA-based scaffolds. These results suggested that
the intrafibrillar mineralized Col-HA-based lamellar scaffolds are highly osteogenic especially when
incorporated with Fe/Mn, providing a simple but reliable Col-HA-based grafting material for bone
regeneration.
Lastly, a porous Col-HA composite coating was deposited onto the surface of Ti-6Al-4V for hard
tissue replacement. The cross-sectional characteristics of the coating were thoroughly investigated and
reconstructed in 3D using a combination of focused ion beam (FIB) and Avizo. Importantly, by analyzing
the porosity distribution along the coating depth using RStudio, it was revealed that the adhesive strength
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is more associated with the average pore volume than the total pore volume at the coating interfaces. In the
meantime, by observing the cross-sectional characteristics of the cell-coating-substrate for both coatings, it
was found that the large number of relatively big pores at the coating surfaces favored osteoblast adhesion
and proliferation. By comparing the performance of HA and Col-HA coatings, it was found that the
incorporation of collagen increased the biocompatibility of HA coating but with the sacrifice of mechanical
properties.

6.2 Future work
6.2.1 Magnetic Col-HA-based nanoworms
As discussed in Chapter 3, to obtain sufficient tumor accumulation, it has been a common strategy to
introduce magnetic property to drug delivery carries. However, care has to be taken to avoid toxicity. In
our study, only 4 mM Fe solution was used to mineralize the Col-HA NWs, which did not make much
impact of the amount of NW accumulated in tumor. So, it is expected that the NW with a thicker iron oxide
coating would achieve better tumor accumulation. Still, a balance has to be achieved between the toxicity
of iron oxide and tumor accumulation of NW. As shown in Figure 6.1A, NPs with darker electronic density
were seen on the surface of Col-HA NWs when mineralized in 40 mM Fe solution. Moreover, the HRTEM
image (Figure 6.1B) of the boxed area in Figure 6.1A revealed a poly-crystalline nature of attached NPs.
The lattice fringes (~0.258 nm and ~0.484 nm) observed in this image agreed well with the separations
between the (311) and (111) lattice planes of Fe3O4, respectively [174, 175]. The elemental mapping results
(Figure 6.1C) further supported the success mineralization of iron oxide. More importantly, as shown in
Video 6.1, the Fe mineralized Col-HA NWs were dragged to the side of the glass vial at the presence of an
external magnet (0.5 T). Whereas this was not observed when NWs were only treated in the 4 mM Fe
solution. Hence, the magnetic strength introduced when mineralized with 40 mM Fe solution is strong
enough to initiate the movement of the NWs with the assistance of an external magnet. As such, it is
expected that tumor accumulation of the magnetic NWs is high. Future studies will first focus on the
examination of the in vivo bio-distribution of this material. Then, it is also necessary to conduct in vitro and
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in vivo evaluations to investigate the tumor penetration capability of the magnetized NWs. Based on these
data, the tumor therapy efficiency of the DOX-loaded magnetic Col-HA NWs will be further systematically
evaluated.

Figure 6.1 TEM image of Col-HA NWs coated with iron oxide magnetic NPs (A); HRTEM image of the
boxed area (B); and corresponding HAADF and EDS mapping images of iron oxide coated Col-HA NWs
(C).
6.2.2 Fe/Mn-bearing Col-HA-based scaffolds
In Chapter 4, a fixed Fe/Mn substitution, 10 mol%, was conducted to enhance the osteoinductivity of the
Col-HA-based lamellar scaffolds. However, the ion substitution concentration was used based on references.
No experimental evidence has been provided to determine if 10 mol% substitution of Fe or Mn would result
in the best biological performance in the Col-HA-based system. Theoretically, there would be a dose101

dependent manner for each elemental substitution. It is expected to pinpoint the substitution threshold,
which exhibit the best in vitro and in vivo biological performance.
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